Impact of ingredient interactions on the physico-chemical stability of milk protein-stabilised oil-in-water emulsions by Neirynck, Nico
   
 
 
FACULTEIT  
BIO-INGENIEURSWETENSCHAPPEN 
 
 
   
Academiejaar 2008-2009 
  
 
 
 
 
 
 
 
 
IMPACT OF INGREDIENT INTERACTIONS ON THE  
PHYSICO-CHEMICAL STABILITY OF MILK PROTEIN-
STABILISED OIL-IN-WATER EMULSIONS 
 
 
 
Door 
 
ir. Nico NEIRYNCK 
 
 
 
 
 
Thesis submitted in fulfillment of the requirements for the degree of  
Doctor (Ph.D.) in Applied Biological Sciences 
 
Proefschrift voorgedragen tot het bekomen van de graad 
van Doctor in de Toegepaste Biologische Wetenschappen 
 
 
 
 
 
 
op gezag van  
 
Rector: Prof. Dr. P. VAN CAUWENBERGE 
 
 
Decaan: Promotor: 
 
Prof. Dr. ir. G. VAN HUYLENBROECK Prof. Dr. ir. P. VAN DER MEEREN 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Promotor:  Prof . Dr. ir. Paul Van der Meeren 
Department of Applied Analytical and Physical Chemistry 
                 Particle & Interfacial Technology Group (PaInT) 
                      
                      
Dean:   Prof. Dr. ir. Guido Van Huylenbroeck 
 
Rector:   Prof. Dr. Paul Van Cauwenberge 
  
 
 
 
 
 
 
 
ir. Nico NEIRYNCK 
 
 
 
 
IMPACT OF INGREDIENT INTERACTIONS ON THE PHYSICO-CHEMICAL 
STABILITY OF MILK PROTEIN- STABILISED OIL-IN-WATER EMULSIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thesis submitted in fulfillment of the requirements 
for the degree of Doctor (PhD) in Applied Biological Sciences 
 
  
 
 
Dutch translation of the title: 
Invloed van interacties tussen ingrediënten op de fysicochemische stabiliteit 
van melkeiwit-gestabiliseerde olie-in-water emulsies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-90-5989-295-8 
 
 
The author and the promotor give the authorisation to consult and to copy parts of this 
work for personal use only. Every other use is subject to the copyright laws. Permission to 
reproduce any material contained in this work should be obtained from the author. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Verba volant, scripta manent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Het in dit doctoraal proefschrift beschreven onderzoek werd hoofdzakelijk 
uitgevoerd aan het Laboratorium voor Deeltjes- en Grensvlaktechnologie 
(PaInT), Faculteit Bio-ingenieurswetenschappen, Universiteit Gent (België). 
 
Het onderzoek werd mogelijk gemaakt door een beurs ter beschikking 
gesteld door het Instituut voor de aanmoediging van Innovatie door 
Wetenschap en Technologie (IWT) in Vlaanderen (Projectnummer IWT 
980392). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - i - 
Woord vooraf 
 
Recently: Breaking news on Dairy reporter.com! 
Cross-linked pectin to lead to better emulsions in food 
Anno 2009 geloven Amerikaanse onderzoekers sterk in het potentieel van enzymatisch 
gecrosslinkte pectine als emulgator in voeding. Wellicht vonden de meeste lezers dit niet 
dermate wereldschokkend, maar voor mij persoonlijk was het een bevestiging dat onderzoek 
naar interacties met polysachariden in eiwitgestabiliseerde emulsies nog steeds ‘alive & 
kicking’ is. Bijna 5 jaar geleden nam ik afscheid van de PaInT-groep aan de Universiteit 
Gent, na het afronden van het experimentele werk en het schrijven van één wetenschappelijk 
artikel. Ik ging aan de slag in het R&D-team van Alpro soja, en wilde asap een vertaling zien 
van fundamenteel onderzoek naar de praktijk, had eigenlijk nood aan toegepast onderzoek. 
Gelukkig ging het contact met mijn promotor Prof. Paul Van der Meeren nooit verloren, en 
hoofdzakelijk door zijn verdere motivatie en ondersteuning werd er jaar op jaar 1 
wetenschappelijk artikel gepubliceerd, tot de meeste onderzoeksresultaten op die manier 
gevaloriseerd werden. 
 
Hoewel Paul Van der Meeren een sleutelrol vervuld heeft in het tot stand komen van dit 
document, is deze scriptie het resultaat van het werk en de inzet van vele personen. Eind 
vorige eeuw werd onder impuls van Prof. Koen Dewettinck en Dr. Stephan Dierckx (dienst 
Em. Prof. André Huyghebaert) het STWW-<EPIPro> project bij het IWT ingediend en 
goedgekeurd. Hierdoor kwam ook een doctoraalsbeurs beschikbaar bij de PaInT-groep. Een 
kans die ik terecht niet heb laten liggen. 
 
Het <EPIPro> project werd hoofdzakelijk gesponsord door het IWT, en voor een deel door 
een aantal bedrijven. Een gebruikerscommissie werd samengesteld uit afgevaardigden van de 
steunende bedrijven, met als doel om het onderzoek mee in goede banen te leiden. Mijn dank 
hiervoor gaat uit naar Erik Vanderbeke (Aveve), Filip Arnout en Ingrid Van Haesendonck 
(Puratos), Frans Devos (Belgomilk), Geert Maesmans (Amylum), Greet Cleemput (Dera-
group), Hans Fierens (Inza), Piet Vanthournout (Olympia Dairy), Gerard Robijn (Friesland 
Foods) en Thom Snoeren (Numico Research) en Dirk De Buyser (Veos). 
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Anderen hebben dan bijgedragen aan specifieke hoofdstukken van deze scriptie. Dank aan 
Ellen Cocquyt (Chapter 1), Imants Zaikovskis (Chapter 3), Mathieu Schatteman, Sophie 
Schepens en Prof. Stefaan De Neve voor de TN- en TC-analyses (Chapter 4), Myriam 
Matthys en Geert Maesmans van Amylum voor hun hulp met de Particle Charge Detector 
(Chapter 5) en tot slot Maud Goethals (Numico research) voor de HCT-metingen en Prof. 
Olivier Thas voor advies bij statistische analyses (Chapter 6). 
 
Veel verkennend onderzoek werd uitgevoerd door scriptiestudenten, en in het bijzonder 
Imants Zaikovskis, Milena Lukaszewicz-Lausecker, Silvia Bayarri-Gorbe, Luis Manuel 
Sanchez-Siles (aka Luisma), Anna Busquets-Xambo, Anne-Sophie Gouillat, Mamdouh El-
Bakry, Mieke De Schampheleire en Tran Le Thu. Zij hebben belangrijke eerste stappen gezet 
naar dit werk. Het labo op de volledige derde verdieping, onder impuls van Annie Dusarduyn, 
Denis Demeyer, Eric Gillis, Benny Lewille, Kris De Bruyn, Tiny Milliau, Tania De Bruyn, 
Danny Pauwels en daarnaast Saskia Van der Looven en Paul Provijn, stond steeds paraat voor 
de technische en administratieve ondersteuning, resp. Op de derde verdieping werd ik 
bovendien omringd met leuke collega’s, in het bijzonder Hans Saveyn, Pieter Spanoghe, Jan 
Cocquyt, en Alex Devisscher. De meeste verjaardagsfeestjes, telkens op streekbieren of 
cocktails, staan nog in mijn geheugen gegrift, maar sommige navenant ook niet meer. Ook 
heb ik Prof. Jan Vanderdeelen mogen leren kennen, en dit zowel als een gedreven 
wetenschapper als een heel aimabele man. 
Voor het aanleveren van de nodige hydrocolloïden, heb ik veel een beroep kunnen doen op 
Johan l’Ecluse (Degussa). De korte samenwerking op het project met Dirk Verbeken, heb ik 
als heel prettig ervaren. 
 
Alle vrienden en familie wil ik danken om de nodige stoom af te kunnen laten en/of de 
batterijen terug op te laden: in die zin hebben squash- en tennissessies, duvel- en/of 
pokeravonden, familiefeestjes en –uitstappen bijgedragen tot mijn mentale weerbaarheid en in 
die zin ook tot het succesvol afronden van dit werk. Stijn Azou wil ik hierbij danken voor het 
aanvaarden van het paranimf-schap, en de bijhorende obligate traktaten. 
 
Alle voorgaande mensen, en al degenen die ik zou vergeten zijn, wil ik dan ook (nogmaals) 
van harte danken.  
 
 
  Woord vooraf 
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Toch wil ik dit werk speciaal opdragen aan vijf mensen die ik bijzonder genegen ben, die 
altijd achter me gestaan hebben, en veel tijd en moeite in mij geïnvesteerd hebben: mijn 
overleden grootouders Hector en Godelieve, mijn ouders Eddy en Frieda en mijn vrouw 
Sofie. Extra dank en zoenen gaan terecht naar mijn lieve vrouw, want mijn langdurig gevecht 
met het afronden van deze scriptie, kon enkel blijven doorgaan door haar nooit aflatende steun 
op andere vlakken. 
 
Met dit boekje zullen mijn vier kleine schatjes (Robbe, Lukas, Miel en Norah) vanaf nu ook 
een fysiek bewijs hebben waarom papa soms zo geheimzinnig in het weekend naar het bureau 
sloop. 
 
 Nico Neirynck 
 Izegem, 16 maart 2009 
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Summary 
 
Besides an oil phase and an aqueous phase, emulsions also contain an emulsifier (e.g. 
protein), which allows to split up one of the two phases into small droplets and to keep the 
emulsion in this state for a certain period. In addition to these components, most food 
emulsions contain other ingredients, which may be intended to adjust the macroscopic 
appearance, rheology or gravitational stability.  
In many dispersed systems, thickeners are used to slow down creaming or sedimentation 
phenomena. Using a model system including guar gum in a sodium caseinate stabilised oil-in-
water emulsion, it was shown that intermediate concentrations may have the opposite effect: 
in fact, faster creaming may occur due to depletion flocculation effects when adding a neutral 
polysaccharide to these protein-stabilised emulsions. This macroscopic demixing could be 
reduced by formation of a sufficiently strong three-dimensional network, which could be 
realised by further increasing the guar gum concentration and/or the ionic strength. Hence, the 
macroscopic behaviour is dependent on a complex interplay of electrostatic and depletion 
interactions on the one hand, and bulk viscosity effects on the other hand. 
Anionic polysaccharides, such as pectins, were used to improve the stability of protein-
stabilised emulsions around the protein’s iso-electric point by adsorption onto the interfacial 
protein layer, resulting in a beneficial combination of electrostatic and steric effects. 
However, rather large amounts of pectin were required since electrostatic interactions are 
weak around the iso-electric point. Our experiments revealed that covalent coupling of 
polysaccharides to proteins by mild heat treatment of dry mixtures is a promising technique to 
largely improve the emulsion stability around the protein’s iso-electric point. In this particular 
case, the surface-active protein transports the bound highly charged and hydrophilic 
polysaccharide towards the O/W interface and hence gives rise to a pronounced electrosteric 
stabilisation. 
As a last example, heat-induced coagulation in a coffee cream simulant has been studied. Heat 
coagulation may lead to an excessive increase of the viscosity of sterilised concentrated milk. 
It was observed that hydrolysed, and so more hydrophilic, lecithin led to a heat-stabilising 
effect. Addition of such lecithin significantly reduced the additional protein adsorption upon 
sterilisation. It is suggested that the heat-stabilising effect of lecithin is due to the fact that it 
largely reduces attractive protein-protein interactions, such as interactions between whey 
proteins or between (aggregated) whey proteins and casein micelles, upon severe heating. 
 
The examples clearly indicate that interactions between different ingredients may largely 
affect the physicochemical stability of emulsions, both in a positive or negative way. 
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Samenvatting 
 
Naast een oliefase en een waterfase, bevatten emulsies ook een emulgator (zoals bijvoorbeeld 
eiwit), die toelaat om de ene fase in kleine druppels te verdelen in de andere fase en die 
toestand enige tijd aan te houden. Naast deze ingrediënten worden aan emulsies nog andere 
componenten toegevoegd, met als doel om de gravitaire stabiliteit, het visuele aspect, de 
structuur of de reologie in positieve zin te beïnvloeden. 
Aan veel dispersies worden verdikkers toegevoegd om destabilisatiefenomenen zoals 
oproming of sedimentatie uit te stellen. Gebruik makende van een modelsysteem bestaande 
uit een natrium caseïnaat-gestabiliseerde olie-in-water emulsie in aanwezigheid van het 
ongeladen polysacharide guar gom, werd aangetoond dat bij tussenliggende concentraties aan 
guar gom net het tegenovergestelde effect kon bekomen worden: bij deze concentraties leidde 
de toevoeging van guar gom tot versnelde oproming door depletie flocculatie effecten. Dit 
visueel zichtbaar ontmengen van de emulsie kon gereduceerd of verhinderd worden door het 
vormen van een voldoende sterk driedimensioneel netwerk. Hiervoor dienden de 
concentraties aan guar gom voldoende hoog te zijn, al dan niet in combinatie met het 
vergroten van de ionensterkte (door het toevoegen van zouten). Het uitzicht van de emulsie 
wordt dus bepaald door een complex samenspel van elektrostatische en depletie-effecten, 
gecombineerd met viscositeitseffecten in de continue fase. 
Negatief geladen polysachariden, zoals  pectines, werden  gebruikt om de stabiliteit van 
eiwitgestabiliseerde olie-in-water emulsies bij pH-waarden’ dicht bij de iso-elektrische pH 
van het eiwit te verbeteren door adsorptie van pectine aan het eiwitoppervlak, en dit via zowel 
elektrostatische als sterische effecten. Gezien de pH, zijn deze elektrostatische interacties 
echter zwak, zodat grote hoeveelheden pectine dienden toegevoegd te worden. Onze 
experimenten toonden aan dat het covalent binden van polysachariden aan eiwitten via een 
milde droge hittebehandeling, een veelbelovende methode is om de emulsiestabiliteit gevoelig 
te verbeteren wanneer gewerkt wordt in de buurt van het iso-elektrisch punt van het eiwit. In 
dit geval sleurt het oppervlakactieve eiwit het sterk geladen en hydrofiele polysacharide mee 
naar het emulsiedruppeloppervlak en zorgt op die manier voor een uitgesproken 
elektrosterisch stabilisatie-effect. 
In het laatste stuk werd de hitte-geïnduceerde coagulatie van een koffieroom simulant 
bestudeerd. Hittecoagulatie kan leiden tot een overdreven toename van de viscositeit van 
gesteriliseerde geconcentreerde melk. Er werd vastgesteld dat gehydrolyseerde, en dus 
hydrofielere, lecithine soelaas kon bieden. Toevoeging van een dergelijk lecithine leidde tot 
een significante vermindering van de extra eiwitadsorptie bij sterilisatie. Deze vaststellingen 
suggereren dat het hittestabiliserende effect van de lecithine te danken is aan het sterk 
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verminderen van eiwit-eiwit interacties tijdens sterke verhitting, zoals interacties tussen de 
wei-eiwitten onderling en tussen (geaggregeerde) wei-eiwitten en caseïnemicellen. 
 
De voorbeelden illustreren duidelijk dat interacties tussen ingrediënten een groot effect 
kunnen hebben op de fysicochemische stabiliteit van emulsies, zowel in positieve als 
negatieve zin. 
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Introduction 
 
Emulsion (in)stability 
 
An emulsion is a mixture of two immiscible substances. One substance, called the dispersed 
phase, is dispersed in the other (the continuous phase). Examples of emulsions include butter 
and margarine, milk and cream, mayonnaise, the photo-sensitive side of a photographic film 
and cutting fluid for metal working. In butter and margarine, a continuous fat phase surrounds 
water droplets (water-in-oil emulsion). In milk and cream, oil is dispersed within a continuous 
water phase; they are called ‘oil-in-water emulsions’. Emulsification is the process by which 
emulsions are prepared. 
Emulsions are thermodynamically unstable and thus do not form spontaneously. Energy input 
through shaking, stirring, homogenising, or spray processes is needed to form an emulsion. 
Over time, emulsions tend to revert to the stable state of oil separated from water. Surface 
active substances, such as proteins or small molecular-weight surfactants, can increase the 
kinetic stability of emulsions greatly so that, once formed, the emulsion does not change 
significantly over years of storage. On the other hand, homemade oil and vinegar salad 
dressing is an example of an unstable emulsion that will quickly separate unless shaken 
continuously. This phenomenon is called coalescence, and happens when small droplets 
recombine to form bigger ones. Fluid emulsions can also suffer from creaming, the migration 
of one of the substances to the top of the emulsion under the influence of gravity. This can 
happen when the dispersed (oil) droplets have a lower density than the continuous (water) 
phase. When the opposite happens, the dispersed droplets are sinking in the continuous phase. 
This is usually denominated as sedimentation. Another type of emulsion instability is 
flocculation, where the particles are forming clumps. A summarising drawing of the most 
important instability mechanisms for oil-in-water emulsions is given in Figure I.1. 
This intrinsic instability of emulsions can be delayed or speeded up by changing the 
environmental conditions, such as e.g. modifying the pH or ionic strength, adding other 
interacting ingredients (e.g. polysaccharides or phopholipids), or varying temperature or 
pressure. 
Introduction 
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Figure I.1 Overview of the most frequent mechanisms altering the stability of oil-in-water emulsions 
 
For this work, creaming and flocculation will be the most important instability mechanisms. 
When both mechanisms occur at the same time, the interplay between them can lead to 
different types of demixing of emulsions. Which type occurs, is dependent on the relative 
rates of creaming and flocculation (Figure I.2). Three main types of demixing can be 
distinguished (Blijdenstein, 2004). 
Especially the third type, network formation, has potential for applications in practice to 
overcome rapid separation. However, if the network can not withstand gravitational pressure, 
it will collapse and also in this case macroscopic separation will become visible. 
 
Scope 
 
In this work, only oil-in-water food emulsions were studied, in which a vegetable oil was used 
as dispersed phase. The interface between oil and water is milk protein stabilised: to that end, 
either sodium caseinate, whey protein isolate or skimmed milk powder was used. As 
interacting ingredients, both uncharged and charged polysaccharides were added, as well as 
hydrolysed lecithin. 
  Introduction 
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Figure I.2 Sketch of the interplay between flocculation and creaming (Blijdenstein, 2004)  
 I)  creaming rate >> flocculation rate:  creaming 
 II)  creaming rate ≈ flocculation rate:  accelerated creaming 
 III) creaming rate << flocculation rate: network formation 
 
Objective 
 
This dissertation aims at providing a contribution towards further understanding of the impact 
of addition of common ingredients, such as gums, polysaccharides, or hydrolysed lecithin, on 
the physico-chemical stability of milk protein stabilised oil-in-water emulsions. Due to 
interactions between these ingredients and the biopolymers present in the emulsion, both the 
macroscopic and microscopic stability of the emulsion can be changed dramatically. For cases 
in which instability was favoured, suggestions have been made in order to overcome the 
problem. 
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Outline 
 
Figure I.3 gives a schematic overview of the main research topics of this dissertation. 
 
 The experimental work in this dissertation is preceded by a literature review in 
Chapter 1, providing insight in the mechanisms affecting the macroscopic behaviour 
of biopolymer systems and ingredient-supplemented oil-in-water emulsions. 
 Both whey protein isolate and sodium caseinate are frequently used oil-in-water 
emulsifiers. In Chapter 2 the influence of protein concentration and homogenisation 
pressure on their oil-in-water emulsifying and emulsion-stabilising properties was 
evaluated. Another objective was to define emulsions that were stable for quite a 
period with a limited amount of unadsorbed protein in their continuous phase. 
 In order to kinetically stabilise liquid food emulsions for a longer period, often 
viscosifiers are utilised. Chapter 3 discusses the presence of guar gum, a non-charged 
polysaccharide, in a sodium caseinate-stabilised emulsion on varying pH and 
biopolymer ratio. Dependent on the conditions, better or worse macroscopic stability 
was observed. 
 Pectin, a negatively charged polysaccharide, is frequently used in food emulsions to 
increase stability and/or improve appearance or structure. In Chapter 4, the influence 
of pH and biopolymer ratio on pectin-supplemented whey protein-stabilised oil-in-
water emulsions was evaluated. Also in this chapter, stabilising as well as destabilising 
effects were recorded. 
 Chapter 5 focuses on some drawbacks using the combination whey protein-pectin for 
emulsion stabilising purposes. A strong improvement of emulsion stabilising 
properties was obtained when conjugating whey proteins with pectins beforehand 
through a dry heat treatment. 
 Concentrated liquid coffee cream may become too coagulated upon sterilisation. 
Chapter 6 studies the effect of hydrolysed lecithin addition on protein adsorption and 
heat stability of a sterilised coffee cream simulant. 
 Finally, Chapter 7 summarises all major research findings from this work, discusses 
these in general and offers some research perspectives. Whereas Figure I.3 only shows 
the main research topics of this dissertation, Figure 7.1 in the final chapter also 
mentions the main research findings in a schematic way. 
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Chapter 1 
 
Literature review 
1.1 Milk: a rich source of proteins 
 
The major components of milk include lactose, fat, and proteins. The latter can be divided 
into two categories, namely ‘caseins’, which precipitate as a group at pH 4.5, and ‘whey 
proteins’, appearing in the supernatant of milk after precipitation. β-lactoglobulin is the most 
abundant whey protein. α-lactalbumin is the smallest whey protein and quantitatively 
represents the second most important protein of the whey. Serum albumin represents the 
longest single polypeptide chain of all whey proteins. It contains 17 cystine residues and 1 
free thiol group per molecule. Consequently, all disulfide bridges in serum albumin are 
intrachain bonds. Table 1.1 presents some physicochemical properties of whey proteins. 
 
Table 1.1 Physicochemical characteristics of β-lactoglobulin, α-lactalbumin, bovine serum albumin 
(BSA) and immunoglobulins (Damodaran, 1997) 
 
  β-lactoglobulin α-lactalbumin BSA Immunoglobulines 
Molar mass (g/mol) 18 362 14 174 66 430 150 000-1 000 000 
AA residues/molecule 162 123 582 > 1000 
Disulfide bonds/molecule 2 4 17 - 
Thiol function/molecule 1 0 1 - 
IEP 5.2 4.5-4.8 4.7-4.9 5.5-8.3 
Average hydrophobicity  
(kJ/residue) 
508 468 468 458 
 
Caseins are phosphoproteins that comprise approximately 80% of the total protein content in 
milk (Wong et al.,1996). The main proteins in this group are classified according to the 
homology of their primary structures into αS1- , αS2- , β- and κ-caseins. In milk, caseins are 
present in large aggregates, which are referred to as casein micelles. They comprise 93% 
(w/w) caseins with the αS1- to αS2- to β- to κ-caseins in the proportion of 3:1:3:1 weight ratio. 
The remaining 7% consists of inorganic calcium, phosphate, citrate and small amounts of 
Chapter 1 
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magnesium, sodium and potassium (Wong et al., 1996, de Kruif, 1999). Casein micelles are 
extremely stable towards salt addition as well as thermal treatment due to the layer or brush of 
κ-casein molecules, extending their C-terminal part in solution, thus causing electrosteric 
repulsion against aggregation of the micelles (Tuinier & de Kruif, 2002). The part of the 
brush extending from the micelles carries some 14 carboxylic acid groups (de Kruif, 1999). 
Numerous models for the structure of casein micelles exist. These models fit into three main 
categories, which are models of coat-core structure, models of sub-micelles, and models of 
internal structure (Phadungath, 2005). Figure 1.1 represents schematically two interacting 
micelles, according to the adhesive hard-sphere model by Holt (de Kruif & Zhulina, 1996). 
According to this model, a steep repulsion between the micelles is preceded by a short-range 
attraction. In industrial dairy processing, the acidification method is widely used. During the 
production of yoghurt, or similar products, the pH of milk is lowered from about 6.7 to 4-4.5. 
Hereby, the carboxylic groups along the polyelectrolyte chain are neutralised and the 
protection layer shrinks and finally collapses (Chen et al., 1999). If the net attractive 
interaction is sufficiently strong, the particles will aggregate and form a three-dimensional 
network. Table 1.2 presents some characteristics of casein micelles.  
 
 
 
Figure 1.1 Schematic representation of two interacting micelles according to the adhesive hard-sphere 
model. The hard core repulsion is preceded by an attractive interaction modelled as a square 
well. The depth of the well (ε) depends on the stability of the κ-casein brush (de Kruif & 
Zhulina, 1996).  
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Table 1.2 Characteristics of casein micelles (Ladisch, 2001) 
 
Characteristic Average value 
Diameter 130-160 nm 
Surface area 8 ·10-10 cm2 
Volume 2.1 · 10-15 cm3 
Density (hydrated) 1.0632 g/cm3 
Mass 2.2 · 10-15 g 
Water content 63% 
Hydration 3.7 g H2O / g protein 
Number of peptide chains (MW 30.000) 104 
Number of particles per ml milk 1014-1016 
Whole surface area of particles 5· 104 cm2 / ml milk 
Mean free distance between micelles 240 nm 
 
 
1.2 Protein-stabilised emulsions 
 
Proteins are surface-active molecules and hence can be used as emulsifiers. They form a thin 
cohesive film around oil droplets and thereby decrease the interfacial tension of the oil/water 
interface, which reduces the energy requirements during emulsification. By forming a charged 
and/or hydrated protective layer around the oil droplets, they also stabilise the emulsion 
against flocculation and coalescence during long-term storage (Tcholakova et al., 2002; Wilde 
et al., 2004). In many food emulsions, milk proteins are the most important emulsifiers. 
 
1.2.1 raw milk 
In raw milk, fat is dispersed as small droplets, called native milk fat globules, the size of 
which ranges from 0.2 to 20 μm, with an average volumetric diameter of around 4 μm 
(Mulder & Walstra, 1974). The native milk fat globules are enveloped by a layer of surface-
active material, called the milk fat globule membrane (MFGM). The latter is mainly 
composed of proteins, glycoproteins, enzymes, phospholipids, triacylglycerols, glycolipids, 
cholesterol and other minor compounds (Keenan & Dylewski, 1995). The exact composition 
of the native MFGM depends on the secretion process (Lopez, 2005). The MFGM acts as a 
natural emulsifying agent that prevents aggregation and coalescence of milk fat and also 
protects the fat against enzymatic action, mainly lipolysis.  
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1.2.2 homogenised milk  
Homogenisation is defined as a process which subdivides the relatively large polydisperse 
milk fat globules in the milk emulsion into a large number of smaller globules of narrow size 
range. According to Stokes’ law, the smaller milk fat globule size dramatically decreases the 
cream separation rate that is due to the density difference between milk fat and the aqueous 
phase. To some extent, it also prevents coalescence. During the homogenisation of milk, the 
decrease in the diameter of the milk fat globules increases the interfacial area. This new 
interface can not be entirely covered by the MFGM. Therefore, other surface-active 
components adsorb and form a new membrane (Darling & Butcher, 1978). Casein micelles 
are the major protein fraction adsorbed, even if part of the native MFGM remains associated 
to the fat droplets. While casein micelles are adsorbing at the interface, they can be disrupted 
by homogenisation into casein fragments. Regarding whey proteins, β-lactoglobulin is the 
main one associated with the lipid droplets but also a small quantity of α-lactalbumin adsorbs 
at the interface (Michalski & Januel, 2006). Figure 1.2 presents the interfacial organisation of 
a homogenised lipid droplet.  
 
 
Figure 1.2 Interfacial organisation of a homogenised lipid droplet (Michalski et al., 2006). 
 
1.2.3 whey protein stabilised emulsions 
Since β-lactoglobulin is the most abundant whey protein, an adsorbed layer of β-lactoglobulin 
at the oil/water interface is considered here. Much of the ordered globular structure of β-
lactoglobulin is retained during adsorption at the interface, but there is also some 
macromolecular rearrangement and partial denaturation. The adsorbed globular protein 
structure lies somewhere intermediate between the native structure and the fully denatured 
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state. It has been suggested (Dickinson & Matsumura, 1994) that the structure may resemble 
the so-called molten globule state (Hirose, 1993) which has a native-like secondary structure 
and an unfolded tertiary structure. The adsorbed β-lactoglobulin monolayer is rather dense 
and has a thickness of 2-3 nm at neutral pH (Dickinson, 2001) and can be regarded as a 
pseudo-two-dimensional system of densely packed deformable particles interacting strongly 
through a combination of ionic, hydrophobic and hydrogen bonds (Dickinson, 1998a).  
 
1.2.4 hydrolysed whey protein stabilised emulsions 
The hydrolysis of whey proteins can affect the stability of the emulsion by making the 
emulsion inherently unstable or by altering its sensitivity to outside influences (e.g. calcium 
ions, reduced pH, high temperature). If the hydrolysed proteins are used as emulsifiers, the 
stabilising effect of the protein may be lost due to several reasons, for example insufficient 
hydrophobicity of the peptides or less possibility of steric stabilisation with short peptides 
(Singh & Dalgleish, 1998). In contrast, in some cases, hydrolysis may even promote stability, 
as has been observed in the enhanced emulsifying properties of β-lactoglobulin when treated 
with trypsin. In this case, two specific peptides of β-lactoglobulin (β-lactoglobulin 21-40 and 
β-lactoglobulin 41-60) have enhanced stabilising effects on emulsions (Turgeon et al., 1992). 
 
1.2.5 casein stabilised emulsions 
In contrast to the compact globular structure of the whey proteins, caseins are characterised by 
a disordered flexible structure. When caseins adsorb onto the oil/water interface, they form an 
entangled monolayer of flexible chains having some sequences of segments in direct contact 
with the surface (‘trains’) and others protruding into the aqueous phase (‘loops’ and ‘tails’) 
(Dickinson, 2001). For example, β-casein adsorbs with its extensive hydrophobic region (160-
170 segments) anchored at the surface (trains and small loops) and its hydrophilic tail (40-50 
segments) protruding extensively into the aqueous phase. The saturated monolayer coverage 
of β-casein ranges from 2 to 3 mg·m-2. At neutral pH and low ionic strength, the dense inner 
layer has a thickness of less than 2 nm while the extended outer region has a segment density 
reaching just 1% at a distance of 10 nm from the surface (Dickinson, 2001). 
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1.3 Ingredient interactions in oil-free systems 
 
Many food products can be regarded as multicomponent systems containing proteins, 
polysaccharides, and lipids as major components and some minor components (e.g. 
surfactants) in a matrix, usually being water. In particular, mixtures of proteins and 
polysaccharides are found in the ingredients of a wide range of food colloids ranging from 
mayonnaise to ice-cream. Proteins are present primarily as emulsion forming and stabilising 
agents in liquid foods, drinks, and solid foods as well as structuring molecules because of 
their gel forming ability. Proteins and polysaccharides, present as thickening and water 
holding agents, contribute to the structural and textural characteristics of food products 
through their aggregation and gelling behaviour. The overall stability and texture of foods, 
however, depends not only on the functional properties of the individual components but also 
on the nature and strength of the interactions between the components, in this case proteins 
and polysaccharides.  
 
Figure 1.3 represents the different types of possible interactions between proteins and 
polysaccharides in aqueous solution. Two types of phase separation can be observed. When 
the protein-protein or polysaccharide-polysaccharide interactions are sufficiently high, in 
comparison to the polymer-solvent interactions, segregative phase separation is observed, 
leading to an upper polysaccharide-rich phase and a lower protein-rich phase (Figure 1.3, 
system ‘D’). This is possible at pH higher than the IEP of the protein, when both the protein 
and polysaccharide carry the same charge (in the case of a negatively charged 
polysaccharide). By reducing the pH of the mixture below the IEP of the protein, the 
interactions between the two oppositely charged biopolymers are favored and complexation 
takes place. The newly formed protein-polysaccharide complex could be soluble or it can lead 
to an aggregative phase separation (Figure 1.3, system ‘A’ and ‘B’ respectively). System ‘C’ 
and ‘D’ in Figure 1.3 are one-phase and two-phase mixtures of the biopolymers and describe 
their limit of co-solubility (incompatibility). When each biopolymer concentration is lower 
than their co-solubility, system ‘C’ is formed. Above a critical concentration, the system 
separates into two phases (Figure 1.3, system ‘D’), each of them enriched in one biopolymer 
(Benichou et al., 2007). 
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Figure 1.3 Different types of possible interactions between proteins and polysaccharides in aqueous 
medium (Grinberg & Tolstoguzov, 1997). 
 
 
Figure 1.4 shows a typical phase diagram of a protein-polysaccharide-water system. It 
exemplifies the positions of binodal curve (EFGD), critical point (G), phase separation 
threshold (F), tie-line (EAHD) and rectilinear diameter (GH). At sufficiently high bulk 
concentrations of the biopolymers, i.e. above the binodal curve, a mixture A of homogeneous 
solutions B and C converts into two new co-existing equilibrium phases (D and E). The tie-
line connects binodal points (D and E) representing the compositions of co-existing phases. 
The dashed-line passing through the mid-tie-lines, e.g. at point H, is called the rectilinear 
diameter. The rectilinear diameter gives the composition of systems splitting into phases of 
equal volume. This line passes through the critical point. The position of the system critical 
point (G) can be obtained as the point of intersection of the rectilinear diameter with the 
binodal curve. The phase separation threshold (F) is the minimal total concentration of 
biopolymers required for phase separation (Tolstoguzov, 1995). 
 
 
 
(interacting) (non-interacting)
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Figure 1.4 Phase diagram of aqueous mixtures of non-interacting proteins and polysaccharides. The 
binodal line (plain line) delimits the boundary between the one phase region (below) and the 
region with two separated phases (above) (Benichou et al., 2007). 
 
1.3.1 Segregative and associative phase separation 
 
An accessible parameter that is closely related to the nature of the protein-polysaccharide 
interaction in dilute solution is the cross second virial coefficient Apr-po determined in a static 
light-scattering experiment (Huglin, 1972). Negative and positive values of Apr-po are 
indicative of net attractive and net repulsive interactions, respectively. Therefore, the 
thermodynamic behaviour of a protein + polysaccharide solution depends on the relative 
values of Apr-po, Apo-po, Apr-pr where the quantities Apo-po and Apr-pr are pure polysaccharide and 
pure protein virial coefficients, representing the thermodynamic contributions from 
polysaccharide-polysaccharide and protein-protein interactions, respectively. When Apr-po is 
positive, a first phase separation phenomenon, called thermodynamic incompatibility or 
segregative phase separation, is observed. A second phase separation phenomenon is complex 
coacervation, also called associative phase separation. This is observed when Apr-po is 
negative (Dickinson, 1998b). 
1.3.1.1 Segregative phase separation 
In this type of phase separation, the interactions between the biopolymers are repulsive in 
nature and therefore the system forms two separate phases, each of them enriched with one 
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biopolymer (Schmitt et al., 1998). These two separate phases are represented in Figure 1.4 as 
the binodal points D and E. Segregative phase separation generally arises in conditions when 
the protein is in the presence of a neutral polysaccharide or an anionic polysaccharide bearing 
a charge of the same sign as the protein. Obviously, the main parameters involved in this 
mechanism are pH and ionic strength (Doublier et al.,2000).  
1.3.1.2 Associative phase separation 
When the interactions between the biopolymers are attractive in nature, associative phase 
separation may take place. This occurs when both biopolymers carry an opposite charge, for 
instance at a pH slightly lower than the isoelectric point of the protein, while the 
polysaccharide still carries a negative charge (Doublier et al., 2000). Hereby the system 
exhibits a two-phase region with the two biopolymers concentrated in one phase (the 
concentrated phase or coacervate) (Doublier et al., 2000). This is due to the formation of 
primary soluble macromolecular complexes that interact to form electrically neutralised 
aggregates, then unstable liquid droplets and/or precipitates that ultimately sediment to form 
the coacervated phase containing both biopolymers (Tolstoguzov, 1997; Schmitt et al., 1998). 
Electrostatic interactions between oppositely charged proteins and polysaccharides are, in 
most cases, the prevalent primary interactions in associative mixed biopolymer systems 
(Dickinson & Ritzoulis, 2000). Table 1.3 gives examples of protein-polysaccharide systems 
where electrostatic interactions play an important role and summarises the investigation 
techniques that were used.  
 
Table 1.3 Overview of protein-polysaccharide systems involving electrostatic interactions and the 
experimental techniques used. 
 
Protein Polysaccharide Experimental technique(s) Ref. 
whey protein 
isolate (WPI) 
xanthan gum zeta potential measurements Benichou et al.,2007 
β-lactoglobulin sodium alginate light scattering Harnsilawat et al., 
2006 
sodium caseinate high-methoxyl 
pectin (HMP) 
dynamic light scattering (DLS), 
electrophoretic mobility 
measurements 
Liu et al., 2007 
casein pectin spectrophotometry Pederson & 
Jorgensen, 1991 
β-casein carboxymethyl 
cellulose (CMC) 
rheological and optical methods, 
DSC 
Delben & Stefancich, 
1997 
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The net electrical charge on a biopolymer, and hence the degree to which it can become 
involved in electrostatic interactions, depends on how far its IEP differs from the solution pH. 
The IEP is the pH at which the biopolymer carries no net electrical charge. When the solution 
pH is in the vicinity of the IEP of the biopolymer, there are equal numbers of positive and 
negative charges on the biopolymer, giving the biopolymer chain a minimum net charge, and 
a collapsed conformation. Far above or far below the IEP, these biopolymers demonstrate a 
polyelectrolyte-like behaviour arising from asymmetric charge distribution. Although 
electrostatic interactions play the most important role in associative mixed biopolymer 
systems, primary macromolecule interactions can also be induced by hydrogen bonding or by 
hydrophobic interactions (Antonov et al., 1996). The strength of attractive interactions 
between proteins and polysaccharides depends to a great extent on the macromolecular charge 
densities (Tolstoguzov, 1997), and the flexibility and size of the biopolymers (McArthur et 
al., 2000). If the biopolymer charge densities are too low, the phenomenon of complex 
coacervation is suppressed (Schmitt et al., 1998). Precipitation and/or gelation may occur at 
high charge densities. The maximum coacervation yield occurs for the case of an equal ratio 
mixture (by weight) of biopolymers at the pH where they carry equal and opposite charges 
(Schmitt et al., 1998). Most food proteins can form complex coacervates with anionic 
polysaccharides in the intermediate region of pH where the two biopolymers carry opposite 
net charges (IEPpo < pH < IEPpr), which is mostly situated between pH 3 and pH 5 
(Dickinson, 1998b). The strength of complexation depends on a number of factors such as the 
distribution of ionisable groups on the surface of the protein, the ease of unfolding of its 
native structure, and the backbone flexibility and charge density of the polysaccharide. The 
dependence on the charge density was demonstrated by using milk proteins and λ-
carrageenan vs. ι- or κ-carrageenans, which contain 3, 2 and 1 sulphate groups, respectively 
(Langendorff et al., 2000). Sulphated polysaccharides such as carrageenan also interact more 
strongly with proteins than carboxylated polysaccharides, such as alginates and pectins 
(Dickinson, 1998b). This is due to the fact that the molecular attraction of protein-bound        
–NH3+ groups for –OSO3- groups is much stronger than that for –CO2- groups. It has also been 
reported that flexible proteins, such as caseins or gelatin, bind polysaccharides more strongly 
than globular proteins, such as BSA or β-LG (McArthur et al., 2000). This is because flexible 
molecules can form a maximum number of contacts with the other oppositely charged 
molecules (Doublier et al., 2000). On the other hand, it seems that low charge density 
polysaccharides only interact with proteins if they adopt a more compact ordered (helix) 
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conformation in which the charge density is increased, as opposed to a less charged 
disordered (random coil) conformation (Langendorff et al., 2000). Thus, the optimum 
interaction between proteins and polysaccharides occurs at a critical balance between the 
biopolymer charge density and rigidity.  
 
1.3.2 One-phase systems 
Soluble protein-polysaccharide complexes are generally produced when both the biopolymers 
carry a net negative charge (pH > IEPpr). In this case, the attraction involves positively 
charged local patches on the protein interacting with the anionic polysaccharide. These 
charged patches, opposite in sign to the net protein charge, can provide a site for binding to 
polyelectrolytes with the same charge sign as the protein. Since the effective charge density in 
these areas is higher than the net protein surface charge density, but linearly dependent on the 
latter (Mattison et al., 1998), a weak electrostatic interaction is expected to occur. De Vries 
(2004) investigated the electrostatic complexation of flexible polyanions with the whey 
proteins α-lactalbumin and β-lactoglobulin. He found that α-lactalbumin complexes much 
more strongly than β-lactoglobulin. For α-lactalbumin, this strong complexation could be 
explained by the localised binding to a single large positively charged patch, whereas for β-
lactoglobulin, weak complexation was due to diffuse binding to multiple smaller charged 
patches. The binding region includes many negative charges too, that lower its ‘effective’ 
positive surface charge density (de Vries, 2004). Another example is the possibility of BSA to 
form soluble complexes at low ionic strength with dextran sulphate, ι-carrageenan and κ-
carrageenan at pH above the protein’s IEP. Although BSA carries a net negative charge at 
these conditions, there is a clearly defined positive patch of 2-3 nm which is involved in the 
formation of the soluble complexes (Dickinson, 2003).  
 
Soluble complexes are also obtained when opposite charges carried by the two biopolymers 
are not equal in number. The resulting net charge allows the complex solubilisation by 
interaction with solvent molecules. When the number of opposite charges carried by both 
biopolymers is equal, the resulting complex charge is zero and the complex becomes 
insoluble. 
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1.3.3 Protein-surfactant interactions  
In the case of non-ionic surfactants, the protein-surfactant interaction is limited to a 
hydrophobic one in which the surfactant binds to exposed hydrophobic regions on the protein 
or into a hydrophobic binding site (Mackie & Wilde, 2005). This will reduce the surface 
activity of the complex and make it less likely to adsorb to the interface.  
For ionic surfactants, the initial interaction will be charge-driven until all the available 
charged locations are occupied. Then there may be further interaction of hydrophobic nature. 
In the case of ionic surfactants, many of the surfactant molecules bound to the protein will 
have their hydrophobic tails exposed (Sun & Tilton, 2001). The initial interactions are 
followed by unfolding and exposure of the hydrophobic interior of the protein, hereby 
generating numerous hydrophobic binding sites (Bordbar & Hojjati, 2007), thus making the 
complex significantly more surface active. The interactions between surfactants and BSA are 
extensively studied because the structure and thermodynamic properties of BSA are well 
characterised (Kelley & McClements, 2003). When more than 10 to 15 SDS surfactant 
molecules bind per BSA molecule, the BSA molecule will unfold, thus generating more 
hydrophobic binding sites. This is supported by significantly increasing hydrodynamic radii 
of SDS-BSA complexes, measured by light scattering and NMR measurements (Valstar et al., 
2000).  
 
 
1.4 Ingredient interactions in O/W emulsions 
 
1.4.1 Depletion flocculation 
Depletion flocculation is a weak, reversible flocculation that has its entropic origin in the 
exclusion of non-adsorbed species from the narrow gap between closely approaching droplet 
surfaces. Three main classes of species can cause depletion flocculation of casein-stabilised 
emulsions: surfactant micelles, caseinate nanoparticles and polysaccharides (Dickinson, 
2006). Figure 1.5 shows a confocal micrograph of an emulsion sample (with 0.05 wt% 
xanthan) where protein (sodium caseinate), oil (1-bromohexadecane) and xanthan have each 
been separately labeled. The character of the protein-polysaccharide interaction in this 
emulsion is net repulsive, which causes depletion flocculation and micro-phase separation.  
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Figure 1.5 Confocal image of protein-stabilised emulsion (30 vol% oil, 1.4 wt% sodium caseinate) 
containing 0.05 wt% xanthan. Triple fluorescence labelling indicates locations of oil droplets 
(Nile Red), protein (Nile Blue) and xanthan (fluorescein-5-isothiocyanate). Image 
dimensions: 100 μm · 100 μm (Dickinson, 2006). 
 
1.4.2 Charge neutralisation and bridging flocculation 
Electrically charged polysaccharides can form associative interactions with milk proteins at 
the surface of colloidal particles (casein micelles) or with the adsorbed protein layer around 
emulsion droplets. When the polysaccharide is a gelling agent such as carrageenan or pectin, 
its overall effect on product stability and texture depends very sensitively on the added 
amount, as well as on pH and concentrations of counterions (Dickinson, 1998b). Figure 1.6 
illustrates three important kinds of structural states encountered in a binary system of 
spherical particles and adsorbing biopolymer molecules at different biopolymer/particle 
ratios. Figure 1.6A corresponds to the situation where, due to insufficient polymer being 
present to cover completely all the particle surface, some of the polymer molecules become 
attached simultaneously to more than one particle; this is called ‘bridging flocculation’. 
Hence, biopolymers may promote flocculation due to both charge neutralisation (if the 
polymer is oppositely charged as compared to the particle) and bridging effects (Dickinson, 
2003). Since the driving force for bridging flocculation is electrostatic in origin, the stability 
of the emulsions is strongly dependent on pH and ionic strength, as well as the electrical 
characteristics of the adsorbed proteins and the biopolymers (McClements, 2004). Emulsions 
stabilised by β-lactoglobulin undergo bridging flocculation by charged polysaccharides (such 
as pectin, carrageenan) at pH values where the polysaccharide and protein have opposite 
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charges (Dickinson, 2003). For example, an emulsion stabilised by an adsorbed layer of β-
lactoglobulin, which has an IEP of 5.2, can be flocculated by the addition of the 
polysaccharide CMC. Above the IEP of CMC (pH 3.0) and below the IEP of β-lactoglobulin, 
β-lactoglobulin and CMC are oppositely charged, causing an electrostatic protein-
polysaccharide attraction that leads to bridging flocculation within a concentration range of 
CMC. Under different conditions, above the IEP of β-lactoglobulin (pH 6.0 or 6.7), both β-
lactoglobulin and CMC are negatively charged causing an electrostatic protein-polysaccharide 
repulsion, which leads to depletion flocculation above a minimum CMC concentration 
(Blijdenstein et al., 2004). Bridging flocculation of a BSA stabilised emulsion with an 
aqueous phase of pH 6 and low ionic strength has been found to be induced by addition of ι-
carrageenan. The concentration range of the added ι-carrageenan was 0.01-0.1 wt%. Upon 
addition of the more highly charged (and therefore more strongly protein-associating) dextran 
sulphate instead of ι-carrageenan, substantial bridging flocculation was found to occur at pH 
6.0 (Dickinson & Pawlowsky, 1997).  
 
Figure 1.6B corresponds to the case of ‘steric stabilisation’ of the colloidal dispersion due to 
saturation coverage of the surface by the adsorbing polymer. Figure 1.6C corresponds to the 
situation in which there is a sufficient excess of polymer to form a gel network in the aqueous 
phase amongst the particles, with some adsorbed polymer molecules also participating in the 
overall filled particle gel network.  
 
 
Figure 1.6 Schematic representation of the effect of adsorbing biopolymer on a system of dispersed 
particles A) bridging flocculation at low biopolymer concentration , B) steric stabilisation of 
the particles by the saturated biopolymer layer, and C) immobilisation of biopolymer-
covered particles in a biopolymer gel network (Dickinson, 1998b) 
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1.4.3 Protein-surfactant interactions 
Emulsions often contain small molecule surfactants such as polysorbates (Tweens) or 
monoglycerides (e.g. glycerol monostearate). The surface interactions in mixtures of proteins 
and small-molecule surfactants are typically antagonistic. Surfactants can alter the stability of 
protein-stabilised emulsions either directly or indirectly. Surfactants directly influence protein 
functionality by binding to them, because this can lead to substantial changes in protein 
conformation and interactions. In a more indirect manner, surfactants compete with proteins 
for the available oil-water interface, and thus can displace some or all of the proteins from the 
interface (Pugnaloni et al., 2004). The composition of an interface depends on the relative 
surface activity and concentration of the protein and surfactant molecules, as well as the time 
that each component is introduced into the system (McClements, 2004). Interfacial shear 
viscosity is a technique that is very sensitive to the structure and composition of an adsorbed 
protein layer and to the nature of the intermolecular interactions in the film at the oil/water 
interface (Bos & van Vliet, 2001). Although the various milk proteins differ considerably in 
surface shear rheological behaviour, the interfacial shear viscosities of proteins are much 
higher than those of low molecular weight surfactants. This is due to lateral interactions 
between the proteins due to hydrogen bonding, hydrophobic and covalent bonding and 
electrostatic interactions. The addition of low concentrations of surfactant often causes a 
marked disruption of interfacial protein-protein interactions, and thus a drop in the interfacial 
shear viscosity and interfacial shear modulus to values characteristic for low molecular weight 
surfactants. For example, displacement of β-lactoglobulin from an oil/water interface by 
Tween 20 causes a drop in film thickness from 30 to 15 nm (Coke et al., 1990). For the same 
system, a drop in surface shear viscosity from 500 mN s m-1 to 0.1 mN s m-1 (Schwenke, 
1993) is observed. 
 
Once proteins are adsorbed at the oil/water interface, the protein molecule may rearrange and 
unfold, driven thermodynamically by the hydrophobic residues within the protein rearranging 
to associate with the hydrophobic interface. This will further lower the interfacial tension and 
allow the protein to form closer interactions with neighbouring protein molecules 
(Sethuraman et al., 2004). These intermolecular interactions will be strong at high packing 
densities due to the poly-ionic character of proteins. In contrast, surfactants in general form 
weaker interfacial interactions than proteins. They stabilise oil droplets through a 
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hydrodynamic phenomenon known as the Gibbs-Marangoni mechanism (Mackie et al., 2005). 
This relies on the surfactant rapidly migrating to regions on the interface depleted of 
surfactant. The molecular migration drags associated water, maintaining the aqueous phase 
between colloidal droplets. Therefore, the most important interaction in surfactant stabilised 
colloids is the one between the surfactant headgroup and water molecules in the aqueous 
phase. For a soluble surfactant, molecules are constantly exchanging between the bulk and the 
interface, whereas for proteins, once they form an initial network, the protein molecules will 
only desorb very slowly due to the strong and multipoint intermolecular interactions. The 
stronger the intermolecular interactions between the proteins, the more difficult the protein 
displacement will be. This displacement mechanism is also dependent on the surfactant 
concentration. When a protein-coated interface is brought into contact with an aqueous 
solution containing a relatively low surfactant concentration, surfactant molecules adsorb to 
the interface and form small islands of surfactant located within the protein network. Initially, 
this will happen at gaps and defects in the dense protein layer. Proteins still dominate at the 
interface because of the difference in size between proteins and surfactants. As the surfactant 
concentration is increased, the size of the surfactant-rich regions expands, restricting the 
protein network to a smaller surface area. At relatively high surfactant concentrations, the 
protein region increases appreciably in thickness and eventually the protein molecules are 
completely displaced from the interface. This is because the surfactant can pack more 
efficiently and thus lowers the interfacial tension more. In general, protein films become more 
difficult to displace as they age (Stevenson et al., 1997), due to a higher interfacial rheology 
of the protein film (Roth et al., 2000), which requires a higher surface pressure to replace 
them.  
 
 
  - 27 - 
Chapter 2 
 
Influence of protein concentration and 
homogenisation pressure on O/W emulsifying 
and emulsion-stabilising properties of sodium 
caseinate and whey protein isolate. 
 
Abstract 
Since both whey protein isolate and sodium caseinate are frequently used O/W emulsifiers of 
dairy origin, their emulsifying and emulsion stabilising properties have been determined at pH 
conditions that resemble practical circumstances. In order to enable a quantitative evaluation, 
two 3-level experimental designs were set-up considering the effect of homogenisation 
pressure and protein concentration on average droplet size, residual serum protein 
concentration as well as serum separation of 20% O/W emulsions. Although both proteins 
were characterised by a similar surface load, still the residual protein content indicated that 
sodium caseinate was much more surface active. The results revealed that either 0.25% 
sodium caseinate or 0.50% of whey protein isolate at a homogenisation pressure of 200 bar 
not only yielded stable emulsions, but also limited the amount of unadsorbed protein in the 
continuous phase. 
 
 
 
 
 
 
 
Redrafted after: Neirynck, N., Dewettinck, K. & Van der Meeren, P. (2009). Influence of 
protein concentration and homogenisation pressure on O/W emulsifying and emulsion-
stabilising properties of sodium caseinate and whey protein isolate. Milk Science International 
(Milchwissenschaft), 64(1), 36-40. 
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2.1 Introduction 
Many food emulsions are stabilised by the two main milk protein subgroups, i.e. caseins and 
whey proteins. This not only holds for natural emulsions, such as milk and its derived 
products, such as cream, but also for man-made emulsions, such as recombined dairy products 
as well as dairy analogues based on vegetable oils. In the latter case, the physico-chemical 
characteristics of the produced emulsions will be affected by both formulation parameters, 
such as type and concentration of protein source (Britten & Giroux, 1991; Dickinson & 
Lopez, 2001; Dybowska, 2007; Klemaszewski et al., 1992), and processing parameters, such 
as homogenisation equipment and applied pressure (Kanafusa et al., 2007; Steiner et al., 
2006). 
It was the aim of our research to quantify the combined effects of protein concentration and 
homogenisation pressure on the emulsifying and emulsion stabilising properties of both 
sodium caseinate and whey protein isolate. To that end, a 3-level factorial experimental 
design was chosen with residual serum protein concentration, average droplet size, and 
amount of serum separation as primary responses. In the experiments, the pH-conditions were 
chosen to resemble practical circumstances: whereas sodium caseinate is typically used at 
neutral pH conditions, whey protein isolate is also effective in acid environment. The final 
goal of the experiments was to determine the optimum protein concentration that not only 
enabled the formation of stable emulsions, but also limited the residual amount of protein in 
the continuous phase, which, according to Dickinson et al. (1997), might induce depletion 
flocculation.  
 
 
2.2 Materials and Methods 
2.2.1 Composition of Raw Materials 
A minimally heat-treated whey protein isolate (WPI), enriched in β-lactoglobulin (approx. 
85% of total protein), was obtained from Davisco Foods International, Inc. (Le Sueur, MN, 
USA). Sodium caseinate was obtained from Armor Protéines (Saint Brice en Cogles, France). 
When calculating the amount of protein powder to be added, a correction for the protein 
content of the powder was taken into account. 
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The composition of the protein samples is shown in Table 2.1. The moisture content was 
determined by drying at 105 °C to constant weight. The protein content was determined by 
the Kjeldahl method using a conversion factor of 6.38. Cations were quantified by flame 
atomic emission spectrometry (K+ and Na+) and flame emission absorption spectrometry 
(Ca2+ and Mg2+). 
 
Table 2.1 Composition of sodium caseinate and whey protein isolate (in % w/w) 
Sample 
Dry 
matter
Protein K+ Na+ Ca2+ Mg2+
Na-Cas 94.1 89.2 0.01 0.98 0.05 0.00
WPI 95.0 92.6 0.08 0.40 0.08 0.01
 
Refined soybean oil was obtained from Vandemoortele N.V. (Izegem, Belgium). All other 
reagents were of analytical grade. The different buffer solutions were made with double 
deionised water in the presence of 0.02% Na-azide as an antimicrobial agent. 
 
2.2.2 Preparation of Protein Solutions 
Whey protein isolate and sodium caseinate were dissolved in 50 mM Na-acetate buffer 
solution at pH 4.0 and in 50 mM Na-phosphate buffer solution at pH 6.5, respectively, while 
stirring with a magnetic bar. The solutions were stored in the refrigerator overnight to fully 
hydrate both hydrocolloids. The sodium caseinate concentration was 0.15, 0.25 and 0.35% 
(w/w) based on the continuous phase, whereas for whey protein isolate, 0.35, 0.5 and 0.65% 
(w/w) were selected. 
 
2.2.3 Preparation and Characterisation of Emulsions 
After addition of 20 % w/w soybean oil to the protein solutions, the resulting mixture was 
premixed with a kitchen mixer during 30 s. The pre-emulsions were subsequently 
homogenised in two steps with a lab scale two-stage high-pressure homogeniser (APV-2000, 
APV, Belgium) at room temperature; the homogenisation pressure was 100, 200 or 300 bar 
during the first stage, whereas it was fixed at 50 bar in the second stage for all experiments. 
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Immediately after preparation, 13 mL of each emulsion was poured into a glass tube of 15 
mm diameter. The serum volume fraction 2 weeks after preparation was determined visually.  
Laser light scattering experiments were carried out 1 day after emulsion preparation using a 
Mastersizer S long bench (Malvern Ltd., UK) with a 300 mm Reverse Fourier focussing lens. 
Before measuring, the emulsions were gently shaken to homogeneity. The automated sample 
dispersion unit MS-17 (Malvern Ltd., UK) was used with a stirring and pumping speed of 
30% of the maximum. Sample was added to the dispersion unit till an obscuration between 10 
and 15% was reached. The Mie-theory was applied assuming the real and the imaginary part 
of the refractive index of protein coated soybean oil droplets to be 1.51 and 0.00, respectively. 
Data were analysed using the polydisperse model. The Sauter diameter (D32) was selected to 
describe the particle size distribution with one single parameter since it is directly related to 
the specific surface area of the oil droplets. 
The residual protein content in the serum phase was determined by the method of Schacterle 
& Pollack (1973), which is a simplified Lowry method, on the serum obtained by 
centrifugation for 60 min at 16000 g at a temperature of about 5 °C. Segall & Goff (1999a) 
concluded for 1% WPI or 1% sodium caseinate stabilised 25% soybean oil emulsions that this 
severe treatment did not induce more protein desorption than a much milder centrifugal 
treatment such as e.g. for 20 min at 5000 g at 20 °C. Combining the oil volume fraction (φv), 
the Sauter diameter (D32), as well as the initial (Co) and residual protein content (C) data, the 
surface load (Γ) was calculated according to Γ = [(1- φv).(Co-C)] / (φv.6/D32). 
 
2.2.4 Experimental design and data-analysis 
A central composite experimental design with two factors (i.e. protein content and 
homogenisation pressure) at three levels (with normalised values of -1, 0 and +1 for the low, 
intermediate and high level, respectively) with five repetitions of the central point was 
elaborated using Design-Expert, version 6.0. Response surface analysis was also performed 
by Design-Expert allowing both linear and quadratic contributions, as well as an interaction 
contribution. When modelling (Table 2.3), several statistical parameters are calculated, such 
as the model significance p-value and the lack of fit p-value. If the model significance p-value 
is smaller than 0.05, this points to a significant trend between the response and the factors, 
and so the model is accepted. On the other hand, if the lack of fit p-value is bigger than 0.05, 
then the model is capable of predicting the response values in a sufficient way. 
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2.3  Results and discussion 
The pH conditions chosen were 4.0 and 6.5 for whey protein isolate (WPI) and sodium 
caseinate stabilised emulsions, respectively. This selection was based on the fact that whey 
proteins can be used for the stabilisation of acidic food emulsions, whereas this is not the case 
using sodium caseinate. According to Surh et al. (2006), emulsions prepared using caseinate 
were unstable towards droplet flocculation and coalescence at pH values between 3 and 5. 
Also, Ahmedna et al. (1999) observed that sodium caseinate was insoluble at pH 4.5, and at 
pH 3.5 its solubility was still limited to about 20%. Hence, sodium caseinate can only be used 
as an effective emulsifier at more neutral pH conditions. On the other hand, Demetriades et al. 
(1997), as well as Kulmyrzaev & Schubert (2004), demonstrated that stable whey protein 
stabilised emulsions could be obtained at pH 4.0 and below.  
The experimentally determined values of the average droplet size, creaming behaviour and 
residual protein content for both caseinate and WPI-stabilised emulsions are summarised in 
Table 2.2. From the surface response curves (Figure 2.1), it is obvious that the lines of 
constant average particle size had the steepest slope at the left side of the graph, i.e. at low 
protein concentrations, whereas the lines became much more flat at the right side, which 
indicates that the average emulsion droplet diameter is mainly determined by the protein 
concentration at low protein concentration, whereas it is much more determined by the 
homogenisation pressure if sufficient protein is present to stabilise all newly formed O/W 
interface.  
 
 
 
Figure 2.1 Surface response analysis of the Sauter mean diameter (expressed in µm) of 20% O/W 
emulsions stabilised by either Na-caseinate (a) or WPI (b), as a function of protein 
concentration (in % w/w) and homogenisation pressure (in bar) 
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Table 2.2 Emulsion characteristics of sodium caseinate and whey protein isolate stabilised O/W 
emulsions containing 20% of soybean oil as a function of both protein content and 
homogenisation pressure.  
D32 (µm) Creaming 
(% serum) 
Residual 
protein (%) 
Surface load 
(mg/m2) 
Protein 
content* 
Pressure 
(bar) 
Na-
Cas 
WPI Na-
Cas 
WPI Na-
Cas 
WPI Na-
Cas 
WPI 
100 3.29 3.36 70 7 19 60 2.68 3.14 
200 3.08 3.27 69 6 16 55 2.60 3.47 
low 
(-1) 
300 2.97 3.39 63 4 16 48 2.51 4.11 
100 2.88 3.15 68 6 35 74 3.12 2.70 
2.19 2.70 6 5 18 60 2.99 3.58 
2.43 2.61 6 5 23 60 3.13 3.51 
2.38 2.68 8 3 24 57 3.03 3.84 
2.24 2.59 11 4 22 60 2.91 3.47 
200 
2.27 2.63 8 3 21 61 3.00 3.38 
medium 
(0) 
300 1.97 2.41 5 4 17 55 2.73 3.59 
100 2.50 2.80 8 3 40 75 3.48 3.08 
200 1.90 2.52 6 3 29 64 3.15 3.93 
high 
(+1) 
300 1.69 2.35 7 2 24 62 3.00 3.91 
* low, medium and high protein content corresponds to 0.15, 0.25 and 0.35% for sodium 
caseinate or 0.35, 0.50 and 0.65% for WPI 
 
Mathematically, this is reflected by the positive coefficient for the quadratic term in the 
protein content (Table 2.3), which may compensate the negative contribution of the linear 
term at sufficiently large protein concentration. Comparing WPI to sodium caseinate, Fig. 2.1 
clearly shows that a higher concentration of WPI was needed to have similar characteristics as 
sodium caseinate, as was also observed by Segall & Goff (1999b). Thus, Fig. 2.1 reveals that 
0.35% of protein gives rise to a pressure-limited particle size (which points to protein in 
excess) in the case of sodium caseinate, whereas the particle size is mainly protein 
concentration-limited in the case of WPI: the sauter mean diameter was 2.50, 1.90 and 1.69, 
whereas it was 3.36, 3.27 and 3.39 µm for 0.35% sodium caseinate and WPI at 100, 200 and 
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300 bar, respectively. These findings are not in line with the observations of Dalgleish (1995), 
who observed that the data points of sauter mean diameter versus protein concentration for 
both sodium caseinate and WPI corresponded to the same curve. However, in the latter study 
submicron sized emulsion droplets were obtained using microfluidisation. 
 
Table 2.3 Normalised coefficients of the significant contributions in surface response analysis of the 
emulsion characteristics as a function of the normalised values of protein content and 
homogenisation pressure (i.e. -1, 0 and +1 for the low, intermediate and high level, 
respectively). For each model the values for three statistical parameters are mentioned: 
the model significance p-value, the lack of fit p-value and the determination coefficient 
(r²). 
Sodium caseinate WPI  
D32 (µm) Serum 
protein (%)
Γ (mg/m2) D32 (µm) Serum 
protein (%) 
Γ (mg/m2) 
Constant 2.34 23.38 2.95 2.68 60.54 3.54 
Protein -0.54 7.00 0.31 -0.39 6.67 0.018 
Pressure -0.34 -6.17 -0.17 -0.19 -7.50 0.46 
Protein2 0.23 -- -- 0.27 -- -- 
Model p < 0.0001 0.0003 < 0.0001 0.0020 < 0.0001 0.0020 
Lack of fit p 0.16 0.13 0.30 0.08 0.14 0.34 
r2 0.93 0.80 0.90 0.88 0.92 0.71 
 
Considering the residual protein concentration in the serum phase, it is clear that the protein-
limitation in the case of WPI can not be ascribed to a too low protein concentration, but is 
rather due to a too low surface-activity which results in at least 48 % of the added WPI to 
remain in the continuous phase, rather than adsorbed in the interface (Fig. 2.2b). When 
sodium caseinate was used instead, maximum 40 % of the added protein remained in the 
serum phase. Table 2.3 reveals that the percentage of residual protein in the serum (relative to 
the added protein) is linearly increasing with protein content and decreasing with 
homogenisation pressure for both protein sources. Hence, relatively less protein is adsorbed if 
the added protein concentration is higher and if coarser emulsion droplets are formed. 
 
 
Chapter 2 
 - 34 - 
 
Fig.2.2 Surface response analysis of the residual protein content (as a percentage of the added protein 
content) of 20% O/W emulsions stabilised by either Na-caseinate (a) or WPI (b), as a function of 
protein concentration (in % w/w) and homogenisation pressure (in bar) 
 
As far as the surface load is concerned, a similar trend (as compared to residual protein) was 
observed for sodium caseinate: a higher surface load was observed as the percentage of 
residual protein became larger, i.e. at higher protein content and lower homogenisation 
pressure (Fig. 2.3a). For WPI, on the other hand, the surface load was rather independent from 
the WPI-concentration and only slightly (but positively) affected by homogenisation pressure 
(Fig.2.3b).  
 
 
 
 
Fig.2.3 Surface response analysis of the surface load (expressed in mg m-²) of 20% O/W emulsions 
stabilised by either Na-caseinate (a) or WPI (b), as a function of protein concentration (in % w/w) 
and homogenisation pressure (in bar) 
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Table 2.2 demonstrates that all values are within the range from 2.51 to 4.11 mg/m². These 
values are significantly larger than the values of 0.9 - 1.2 mg/m² and 1.1 to 1.5 mg/m² 
mentioned by Segall & Goff (1999b) for WPI and sodium caseinate stabilised emulsions, 
respectively, but correspond well with the results of alternative techniques. Thus, Hunt & 
Dalgleish (1994) reported that the minimum limiting surface concentrations required to 
stabilise emulsions containing caseinate or WPI were found to be 1 and 1.5 mg/m2, 
respectively, whereas at high protein concentrations the surface load of both proteins was at a 
high limit of approximately 3.2 mg/m2. More recently, Tcholakova et al. (2006) mentioned a 
minimum surface load of about 2 mg/m2 for WPC-stabilised emulsions, with values up to 7 
mg/m2 in the protein-rich region. For the sake of completeness, it can be mentioned that 
Tomas et al. (1994) determined protein surface loads ranging from 6 to 12 mg/m² in 
emulsions prepared using anhydrous milk fat and skim milk, which clearly indicates that the 
surface-activity of sodium caseinate is largely different from micellar caseins. 
 
Comparing sodium caseinate to whey protein isolate, significantly smaller values for the 
surface load were observed for the former protein source at the highest homogenisation 
pressure and hence shortest homogenisation time. Under these highly dynamic conditions, the 
generally recognised higher unfolding tendency of random coil caseinates enables the 
protection of a larger amount of interfacial area by a more extended, surface-denatured 
configuration of the adsorbed layer of sodium caseinate as compared to globular whey 
proteins. At lower homogenisation pressures on the other hand, hardly any difference in 
surface load could be observed. In fact, Dalgleish (1995) also found a lower surface load for 
sodium caseinate as compared to WPI at protein limitation, whereas slightly higher values 
were obtained in the region of constant particle size as function of protein concentration, i.e. 
at excess of protein. 
 
Considering the relationship between creaming and average particle size of caseinate 
stabilised emulsions, a positive correlation was obtained which points to the fact that the 
creaming phenomenon may be explained from the effect of particle size on creaming kinetics 
as predicted by the Stokes-Einstein equation. Hence, depletion flocculation due to residual 
caseinate, as e.g. described by Dickinson et al. (1997; 1999), does not seem to occur even at 
the highest caseinate concentrations used in this study. For WPI stabilised emulsions, only 
very little creaming could be noticed in all conditions. 
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2.4 Conclusions 
From the results it is deduced that in the case of 20% O/W emulsions the optimum 
(minimum) sodium caseinate and whey protein isolate concentration was 0.25% and 0.50%, 
respectively, both at a first stage pressure of 200 bar. These formulation parameters gave raise 
to optimum characteristics with respect to both limited serum separation and limited 
percentage of residual protein in the continuous phase. 
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Chapter 3 
 
Influence of pH and biopolymer ratio on 
sodium caseinate – guar gum interactions in 
aqueous solutions and in O/W emulsions 
 
Abstract 
Many colloidal food systems contain both proteins and polysaccharides. In the present study, the phase 
behaviour of mixed sodium caseinate – guar gum aqueous solutions was investigated: segregative 
phase separation was observed in solutions containing at least 0.04% of guar gum and 1.6% of sodium 
caseinate, thus indicating the limited compatibility of the polysaccharide and the protein.  
In addition, the functionality of guar gum as gravitational stabiliser in sodium caseinate stabilised 25% 
O/W emulsions was checked.  At pH conditions significantly larger than the iso-electric point of 
sodium caseinate, addition of small amounts of guar gum (0.1 to 0.2%) gave raise to fast serum 
separation, which was thought to be due to depletion flocculation. Increasing the polysaccharide 
concentration and/or the oil volume fraction limited the degree of phase separation, since depletion 
flocculation induced a sufficiently strong three-dimensional network to withstand gravity effects. 
Considering different guar gum concentrations at pH 5.0, 5.5, 6.0 and 6.5, it became obvious that the 
phase separation behaviour in the absence of guar gum was largely affected by the pH, whereas in the 
presence of at least 0.1% of guar gum it became mainly affected by the guar gum concentration. 
Hereby, higher guar gum concentrations introduced a longer delay time before separation could 
effectively be detected. As laser diffraction particle size analysis results were not significantly affected 
by guar gum addition, it was concluded that the guar gum-induced flocculation was weak in nature 
and largely reversible. 
Combining all results, it was concluded that guar gum could effectively be used to prevent phase 
separation problems that could occur due to flocculation around the protein’s IEP, provided that at 
least 1.0% of guar gum is added to ensure depletion stabilisation by formation of a sufficiently strong 
three-dimensional network to overcome separation effects. Increasing the ionic strength through 
addition of salt further reinforces the network in order to prevent its collapse due to gravity. 
 
 
Redrafted after: Neirynck, N., Van lent, K., Dewettinck, K. and Van der Meeren, P. (2007). 
Influence of pH and biopolymer ratio on sodium caseinate – guar gum interactions in aqueous 
solutions and in O/W emulsions, Food Hydrocolloids, 21, 862-869. 
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3.1 Introduction 
 
Many food products contain both polysaccharides and proteins. In particular, mixtures of 
proteins and polysaccharides can be found among the ingredients of a wide range of colloidal 
food systems. The overall stability and texture of these food systems depends not only on the 
functional properties of the individual ingredients, but also on the nature and strength of the 
protein-polysaccharide interactions. Thus, anionic polysaccharides, such as pectin, can give 
rise to emulsion droplet aggregation due to charge neutralisation and bridging (Dickinson, 
1995). 
On the other hand, several studies have indicated the beneficial emulsion stabilising 
properties of covalent complexes of proteins and polysaccharides, which may be prepared by 
mild dry heat treatment of a mixture of these biopolymers (Neirynck et al., 2004). 
 
Sodium caseinate is obtained from fresh and/or pasteurised skim milk by acid coagulation of 
the casein, neutralisation with sodium hydroxide, and spray drying. This milk-derived 
ingredient is quite often used in industry, especially for products that require high 
emulsification and rapid dispersion, such as whipped toppings, coffee creamers, bakery 
goods, emulsified meats and nutritional beverages. One drawback of using sodium caseinate 
is its limited applicability for use in acidic (food) products. In the present study, the effect of 
guar gum, a non-ionic polysaccharide which is commonly used as a cold swelling viscosifier, 
on the preparation and stability of sodium caseinate stabilised oil-in-water emulsions has been 
investigated. According to our knowledge, few studies have been carried out on the 
interactions between these biopolymers in emulsion systems. Perissutti et al. (2002) 
investigated the rheological properties of mixtures of the galactomannan from Mimosa 
scabrella and milk and its derived proteins such as sodium caseinate and purified casein 
fractions, from which they concluded that the galactomannan-sodium caseinate system 
showed a synergistic effect. Bourriot et al. (1999a,b), as well as Tuinier et al. (2000) studied 
the influence of guar gum on skim milk and/or casein micellar dispersions. They observed 
that these mixtures tended to phase separate, which, according to the authors, was probably 
due to depletion flocculation mechanisms, yielding a continuous network mostly composed of 
the aggregated micellar casein. Ye and Singh (2006) investigated the influence of guar gum 
on the heat stability of emulsions formed with whey protein isolate or extensively hydrolysed 
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whey protein. In the latter case, heating at 121 °C during 16 minutes gave rise to coalescence, 
which was enhanced considerably with increasing concentration of guar gum up to 0.2%. At 
higher levels, the extent of coalescence decreased gradually. 
In studying the effect of guar gum on sodium caseinate stabilised emulsions, the pH was 
varied from 5.0 (i.e. close to the protein’s IEP) to 6.5, in order to enable rather unstable as 
well as charge-stabilised emulsions to be studied. In addition, the influence of added salt was 
determined at pH 5.5. Emulsion stability was evaluated from both visual creaming 
observations and particle size analysis, whereas rheological experiments were performed in 
order to quantify the microstructure of the emulsions.  
 
 
3.2 Materials and Methods 
 
3.2.1 Composition of Raw Materials 
Sodium caseinate was obtained from Armor Protéines (Saint Brice en Cogles, France). When 
calculating the amount of sodium caseinate powder to be added, a correction for the protein 
content of the powder was taken into account. Guar gum (Viscogum HV3000A) was kindly 
provided by Degussa Texturant Systems Benelux B.V. (Ghent, Belgium). When calculating 
the amount of guar gum powder to be added, a correction for the water content of the powder 
was applied.  
The moisture content of the protein and polysaccharide powder was determined by drying at 
105 °C to constant weight. The protein content was determined by the Kjeldahl method using 
a conversion factor of 6.38 for caseinate and 6.25 for the guar gum powder. Cations were 
quantified by flame atomic emission spectrometry (K+ and Na+) and flame emission 
absorption spectrometry (Ca2+ and Mg2+). The results of these analyses are summarised in 
Table 3.1. 
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Table 3.1 Composition of sodium caseinate and guar gum powder (in % w/w) 
Sample Dry matter Protein K
+ Na+ Ca2+ Mg2+ 
Sodium 
caseinate 
94.1 89.2 0.01 0.98 0.05 0.00 
Viscogum 
HV3000A 89.3 4.6 0.22 0.01 0.06 0.04 
 
Refined soybean oil was obtained from Vandemoortele N.V. (Izegem, Belgium). All other 
reagents were of analytical grade. The different buffer solutions were made with double 
deionised water in the presence of 0.02% Na-azide as an antimicrobial agent. 
 
3.2.2 Preparation and Characterisation of Caseinate - Guar Gum Solutions 
Sodium caseinate and guar gum were dissolved in a 50 mM Na-phosphate buffer solution at 
pH 6.0 or 6.5 or in a 50 mM Na-acetate buffer solution at pH 5.5 or 5.0 while stirring with a 
magnetic bar. The solutions were stored in the refrigerator overnight to fully hydrate these 
hydrocolloids. The phase diagram was obtained after intensive stirring of the protein-
polysaccharide mixtures for 1 hour, and subsequent centrifugation at 3500 g for 15 minutes.  
 
3.2.3 Preparation and Characterisation of Emulsions 
The aqueous phase of each emulsion contained 0.3 % w/w caseinate. After addition of 25 % 
w/w soybean oil to the protein-polysaccharide solutions, the resulting mixture was premixed 
with a kitchen mixer during 30 s. The pre-emulsions were subsequently homogenised in two 
steps (200 + 50 bar) with a lab scale two-stage high-pressure homogeniser (APV-2000, APV, 
Belgium) at room temperature. Immediately after preparation, 13 mL of each emulsion was 
poured into a glass tube of 15 mm diameter. Phase separation was followed during 13 days by 
means of visual observation. An additional observation was performed at least 1 month after 
preparation. 
Laser light scattering experiments were carried within the first 24 hours after emulsion 
preparation using a Mastersizer S long bench (Malvern Ltd., UK) with a 300 mm Reverse 
Fourier focussing lens. Before measuring, the emulsions were gently shaken to homogeneity. 
The automated sample dispersion unit MS-17 (Malvern Ltd., UK) was used with a stirring 
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and pumping intensity of 30% of the maximum speed. Sample was added to the dispersion 
unit till an obscuration between 10 and 15% was reached. The Mie-theory was applied 
assuming the real and the imaginary part of the refractive index of protein coated soybean oil 
droplets to be 1.51 and 0.00, respectively. Data were analysed using the polydisperse model. 
Rheological measurements were performed 2 days after emulsion preparation using a 
Brookfield LV-DVII+ Viscometer equipped with small sample adapter and spindle 21 or 34. 
Prior to measurement, emulsions were gently shaken to homogeneity and a waiting time of 30 
min. was respected. No measurement was performed in those cases where it was impossible 
to obtain a visually homogeneous emulsion after gently shaking, e.g. emulsions at pH 5.0 and 
a low concentration of guar gum. 
 
3.3  Results and Discussion 
 
3.3.1 Aqueous mixtures of guar gum and sodium caseinate 
Figure 3.1 summarises the phase behaviour of mixtures of guar gum and sodium caseinate in 
50 mM phosphate buffer at pH 6.5. To this end, a number of guar gum solutions were mixed 
in different ratios with protein solutions of a 10 times higher concentration. After moderate 
centrifugation, the mixtures were visually checked for the presence of either one or two 
phases. From Fig. 3.1 it is clear that diluted mixtures were monophasic, whereas concentrated 
mixtures were biphasic. The latter suggests segregative interactions, which result in a protein-
rich (lower) and a polysaccharide-rich (upper) phase. From these data it is concluded that guar 
gum and sodium caseinate have a limited compatibility and have a demixing tendency at 
higher concentrations (Tolstoguzov, 1991). In the presence of 250 mM NaCl a highly similar 
phase diagram was observed (data not shown) whereby the binodal line was slightly shifted 
towards smaller biopolymer concentrations. Similar observations were reported by Grinberg 
& Tolstoguzov (1997). In their work an increase in the salt concentration induced a more 
pronounced incompatibility of proteins and various polysaccharides. They assumed that this 
was due to a more intense self-association of the proteins, resulting from water becoming a 
less good solvent for the protein. The latter situation promoted incompatibility (Grinberg & 
Tolstoguzov, 1997). Besides, the added salt also competes for the available water, so water 
limitation might occur at a lower biopolymer concentration. However, the latter contribution 
is thought to be small. 
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Figure 3.1 Phase diagram of mixtures of sodium caseinate and guar gum in 50 mM phosphate buffer 
(pH 6.5). The binodal dots (●) separate the monophasic (○) from the biphasic (■) region. 
Grey shaded squares probably belong to the biphasic region. The insert shows a mixture 
containing 3.6% sodium caseinate and 0.54% guar gum. 
 
Thus, the lowest total polymer concentration at which phase separation occurs (known as the 
phase separation treshold), was about 1.8% (i.e. 1.5% caseinate + 0.3% guar gum) in the 
presence of 250 mM NaCl whereas it was about 2.2% (i.e. 1.8% caseinate and 0.4% guar 
gum) if no NaCl was added. These values are significantly larger than the yield point (i.e. 
0.4%) of binary mixtures of micellar casein and guar gum (Bourriot et al., 1999b). 
 
3.3.2 Gravitational stability of emulsions containing sodium caseinate and 
guar gum 
In order to prepare 25% O/W emulsion, a 0.3% sodium caseinate aqueous phase was used. 
Chapter 2 revealed that this rather limited amount of emulsifier was sufficient to prevent oil 
separation, and avoided a substantial amount of non-adsorbed sodium caseinate in the 
continuous phase of the emulsion. 
In a first series of experiments, pH 6.5 was chosen as it is significantly different from the 
proteins’ IEP, which is about 4.6 (Hu et al., 2003). Visual inspection learned that a 
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homogeneous emulsion was obtained which was hardly susceptible to creaming, even after 10 
days (Fig. 3.2), thus indicating that a small emulsion droplet size was obtained after high 
pressure homogenisation.  
 
 
Figure 3.2 Creaming stability after 10 days of 0.3% w/w sodium caseinate stabilised emulsions 
containing 25% w/w of soybean oil in 50 mM phosphate buffer at pH 6.5 as a function of 
the amount of guar added before emulsification; from left to right, the guar gum 
concentration is 0.0, 0.1, 0.2, 0.5 and 1.0 % w/w based on the continuous phase.  
 
On the other hand, a pronounced phase separation was observed if 0.1, 0.2 or 0.5% of guar 
gum was added to the protein solution prior to emulsification. Fig. 3.2 reveals that under these 
circumstances, the boundary between the serum and the clear layer is very sharp, which 
indicates that the separation is a further consequence of flocculation. In fact, a more gradual 
transition between serum and cream phase would be obtained due to creaming of the largest 
droplets in case of a broad particle size distribution. As highly transparent serum layers were 
obtained in the presence of 0.2 or 0.5% guar, whereas a much more turbid serum layer was 
observed in the presence of 0.1% guar gum, it may be deduced that the observed phase 
separation is due to the collapse of a very weakly aggregated particle network in the presence 
of 0.2 or 0.5% guar, whereas it is rather caused by creaming of a coexistent phase of 
flocculated and individual droplets in the presence of the lowest guar gum concentration 
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(Santiago et al., 2002). Only at a guar gum concentration of 1%, separation could be 
prevented. In fact, a similar behaviour has been observed by Dickinson et al. (1995) in SDS-
stabilised (30% O/W) emulsions in the presence of dextran of 105 g/mol molar mass, albeit at 
different polysaccharide concentrations: the separation rate was maximum at 1% of dextran, 
whereas no separation was observed when the dextran concentration was either maximum 0.5 
% or at least 10%.  
As a matter of fact, the phase separation behaviour of flocculated emulsions is largely 
influenced by their oil content. Thus, Fig. 3.3 shows the percentage of separated cream 
(relative to the emulsion volume) as a function of the dispersed phase volume fraction of 
sodium caseinate stabilised emulsions at pH 6.5 containing 0.2% guar gum after 1 month. 
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Figure 3.3 Cream volume fraction 1 month after preparation of sodium caseinate stabilised soybean 
O/W emulsions at pH 6.5 in the presence of 0.2% w/w guar gum as a function of the oil 
volume fraction. 
 
In order to ensure that enough emulsifier was present, the protein concentration in the 
aqueous phase was increased linearly with the oil volume fraction, whereas the guar gum 
concentration was maintained at 0.2 %. The latter is justified since depletion flocculation is 
essentiallly independent of the dispersed phase volume fraction according to Kiratzis et al. 
(1999). Linear regression reveals that the cream volume fraction is 56% larger than the oil 
volume fraction, from which it is deduced that the oil volume fraction in the separated cream 
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layer is about 64%. As a further consequence, phase separation will be prevented in emulsions 
containing at least 64% of oil and 0.2% of guar because the resulting particle network is 
sufficiently strong to withstand gravitational compression.  
As the pH of the continuous phase was decreased in the direction of the IEP, the creaming 
rate of the caseinate-stabilised emulsions was gradually increased and became very large at 
pH 5.0 (Fig. 3.4).  
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Figure 3.4 Creaming stability of 0.3% w/w sodium caseinate stabilised 25% w/w soybean O/W 
emulsions in the absence (open symbols) and presence (filled symbols) of 0.2% w/w guar 
gum at pH 5.0 (squares), 5.5 (triangles), 6.0 (diamonds) and 6.5 (circles); the rightmost 
points correspond to observations 2 months after emulsion preparation. 
 
This phenomenon was completely in line with the observation that the average particle size 
was getting larger as the pH became closer to the IEP (Fig. 3.5).  
The latter might be explained by the gradual loss of the ability to stabilise the emulsion 
droplets due to the decreased charge density of sodium caseinate. In addition, it is also well-
known that its solubility is largely decreased around the IEP (Guo et al., 1996): applying the 
method of Morr et al. (1985), the latter was found to be 6, 4, 101 and 104% at pH 3, 5, 7 and 
9, respectively. The fact that the latter two values are slightly larger than 100% is due to 
experimental errors. Overall, it can be concluded that the sodium caseinate was highly soluble 
at pH-values 7 and 9, whereas it was poorly soluble at pH 3 and 5. 
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Figure 3.5 Volume-weighed mean diameter (D43) of 0.3% w/w sodium caseinate stabilised 25% w/w 
soybean O/W emulsions in the absence and presence of guar gum at pH 5.0 (circles), 5.5 
(triangles), 6.0 (squares) and 6.5 (diamonds). At pH 5.5 the effect of addition of 0.25 M 
NaCl is also given (open triangles). 
 
Comparing the creaming profiles in the absence and presence of guar gum, it is clearly seen 
that the pH is a decisive factor in the absence of guar, whereas the guar concentration 
becomes of largest importance in the guar gum containing emulsions. Thus, highly similar 
profiles were obtained at 0.2% guar gum, corresponding to a lag phase of about 10 hours, 
rather irrespective of pH (Figure 3.4). Similar observations were obtained at 0.1 and 0.5% 
guar gum. In the latter cases, the delay time before creaming did occur was about 3 hours and 
about 5 days in the presence of 0.1% and 0.5%, respectively (results not shown). These 
observations are in line with the observations of Santiago et al. (2002), as well as Velez et al. 
(2003). According to the latter authors, the magnitude of the delay time is only dependent on 
the zero shear viscosity of the continuous phase. For the sake of completeness, it has to be 
mentioned that the equilibrium serum volume fraction (obtained after about 2 months) was 
not significantly affected by the presence of guar gum as evidenced by the rightmost points in 
Figure 3.4. In addition, no free oil separation could be detected, despite of the fact that Ye et 
al. (2004) mention that depletion flocculation enhances the coalescence of oil droplets. 
 
 Influence of pH and biopolymer ratio on sodium caseinate – guar gum interactions 
 - 47 - 
 
3.3.3 Particle size analysis of emulsions containing sodium caseinate and 
guar gum 
Since guar gum was added before emulsification, one could think that the faster creaming 
might be due to a larger oil droplet size caused by the increased viscosity of the continuous 
phase during emulsification. Hence, particle size analysis experiments were performed to 
check this hypothesis. From the nearly horizontal curves in Figure 3.5, it is obvious that the 
volume-weighed average particle diameter was hardly affected by the presence of guar gum. 
In addition, these results indicate that guar-induced depletion flocculation gives rise to very 
weak flocs which can not withstand the shear forces applied during sample preparation and 
continuous recirculation through the particle size analysis equipment. Linear regression of the 
logarithm of the volume-weighed average diameter as a function of guar gum concentration 
learned that only at pH 5.0 a slope was obtained that was significantly different from zero 
(Table 3.2). In fact, at this pH-value, close to the protein’s IEP, the solubility of sodium 
caseinate becomes very low and hence insufficient emulsifier is present to completely cover 
micron-sized droplets. Keeping account of the fact that the guar sample contained 4.6% 
protein (Table 3.1), the decreasing particle size at increasing guar gum concentrations at pH 
5.0 may be explained from the introduction of a small fraction of protein closely associated 
(chemically or physically) with the polysaccharide structure (Dickinson, 2003). 
 
Table 3.2 Linear regression of the logarithm of the volume-weighed average diameter (expressed in 
µm) of 0.3% w/w sodium caseinate stabilised 25% w/w soybean O/W emulsions as a 
function of guar gum concentration (expressed in % w/w) at different conditions 
   pH 
NaCl 
(mM) 
Intercept 
 
10intercept 
(µm) 
Slope 
(% guar-1) 
P-value r2 
   5.0 0 2.019 ± 0.082 104.57 -0.793 ± 0.161 0.016 0.890 
5.5 0 0.370 ± 0.048 2.34 0.043 ± 0.095 0.683 0.063 
5.5 250 0.862  ± 0.058 7.28 0.012 ± 0.114 0.924 0.004 
6.0 0 0.230 ± 0.019 1.70 0.157 ± 0.037 0.052 0.899 
6.5 0 0.191 ± 0.034 1.55 0.002 ± 0.066 0.973 0.000 
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Considering the values of the intercept of the above-described linear regressions (Table 3.2), 
the pH-effect on sodium caseinate stabilised emulsions in the absence of guar gum becomes 
evident. In the absence of added NaCl, the volume-weighed average diameter is getting 
smaller as the difference between the pH and the IEP of sodium caseinate is increased. This 
effect is especially important in the neighbourhood of the IEP where the emulsifying 
properties are negatively affected by the protein’s limited solubility. 
 
Hence, the rapid creaming of the emulsion without guar gum at pH 5 may be completely 
explained from the particle size analysis results. Considering the effect of addition of 250 mM 
NaCl, the data at pH 5.5 reveal a nearly threefold increase in volume-weighed average 
diameter which is a logical consequence of the decreased electrostatic repulsion and 
concomitant flocculation. 
 
 
3.3.4 Rheology of emulsions containing sodium caseinate and guar gum 
All experimental data of rotational viscometric analyses of the homogeneous emulsions could 
be accurately described by a power law model:                                                          γτ &n . C  = , 
in which τ  is shear stress, C is the consistency coefficient, γ&  is the shear rate and n is the 
flow behaviour index. The general tendency of both the consistency coefficient and the flow 
behaviour index was mainly determined by the guar gum concentration (Fig. 3.6): increasing 
concentrations largely increased the apparent viscosity and hence the consistency coefficient 
of all emulsions. In addition, guar gum is known to exhibit pseudoplastic behaviour and hence 
induces a shear-thinning behaviour, as evidenced by the values of the flow behaviour index: 
whereas this parameter approximated unity in the absence of guar, a progressively smaller 
value was obtained at increasing guar gum concentrations. The former observation is in line 
with Dickinson and Golding (1997) who observed that sodium caseinate stabilised emulsions 
with relatively little excess unadsorbed protein in the continuous phase are stable Newtonian 
liquids. 
 
Looking into some more detail to the experimental values of the consistency coefficient, a pH 
effect can be observed as well, especially in the presence of 1% of guar: decreasing the pH, 
the consistency coefficient increased, thus pointing to the fact that the aggregated network 
 Influence of pH and biopolymer ratio on sodium caseinate – guar gum interactions 
 - 49 - 
strength is not only due to depletion flocculation, but is also partly caused by a lack of 
electrosteric stabilisation as the pH is decreased down to the IEP. 
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Figure 3.6 Consistency coefficient (C) and flow behaviour index (n) of the power law model to 
describe the rheological behaviour of 0.3% w/w sodium caseinate stabilised 25% w/w 
soybean O/W emulsions in the absence and presence of guar gum as a function of pH. 
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3.3.5 Influence of salt on guar gum supplemented sodium caseinate stabilised 
emulsions 
Figure 3.7 shows the combined effect of guar and NaCl on the creaming behaviour of sodium 
caseinate stabilised emulsions at pH 5.5.  
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Figure 3.7 Creaming stability of 0.3% w/w sodium caseinate stabilised 25% w/w soybean O/W 
emulsions at pH 5.5 in the absence (open symbols) and presence (filled symbols) of 0,25 M 
NaCl added before emulsification; the guar gum concentration is 0.0 (circles), 0.1 
(triangles), 0.2 (diamonds), 0.5 (squares) and 1.0 (stars) % w/w based on the continuous 
phase. The rightmost points correspond to observations 6 weeks after emulsion 
preparation. 
 
In the absence of guar (spherical symbols), NaCl addition deteriorated the creaming stability, 
which is a logical consequence of salt-induced flocculation due to the decreased electrostatic 
repulsion. For the sake of completeness, it should be mentioned that Srinivasan et al. (2000) 
observed that addition of NaCl up to 200 mM improved the creaming stability of emulsions 
formed with 3% caseinate. This behaviour was explained from the fact that depletion 
flocculation was minimised since the surface protein coverage increased and hence the 
concentration of unadsorbed protein decreased with increasing concentration of NaCl. 
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However, as explained before, the sodium caseinate concentration in our experiments was 
chosen to prevent excessive amounts of unadsorbed protein and hence caseinate-induced 
depletion flocculation did not occur. 
On the other hand, the creaming stability of all guar gum containing emulsions was improved 
upon NaCl addition: in the presence of 0.5% guar hardly any creaming occurred within the 
first 10 days if NaCl was added, whereas a pronounced serum separation was observed 
without NaCl addition (Fig.3.7). According to Blijdenstein et al. (2003), addition of both non-
ionic polysaccharides and salt results in a two-step mechanism of emulsion gel formation: a 
network is quickly formed by depletion flocculation and subsequently the bonds between the 
emulsion droplets are reinforced by salt through a screening effect. Due to this reinforcement, 
rearrangements of this network are suppressed resulting in a smaller rate of serum separation. 
In the absence of guar, on the other hand, addition of salt induces slow flocculation, and the 
flocs cream before a network is formed. 
The synergistic effects of depletion and (lack of) electrostatic interactions on the network 
strength of sodium caseinate stabilised emulsions at pH 5.5 could be deduced from 
rheological measurements: whereas the consistency coefficients were only 3, 6, 18 and 228 
mPa.sn for the emulsions without salt and with 0, 0.1, 0.2 and 0.5% guar gum respectively, the 
corresponding values in the presence of 250 mM NaCl were 15, 57, 163 and 1370 mPa.sn, i.e. 
about 5 to 10 times larger. These data point to the fact that the combined flocculation due to 
both depletion and lack of electrosteric stabilisation gives rise to a three-dimensional weak 
structure that can withstand the gravity effect over a longer time. 
 
3.4 Conclusion 
 
Addition of guar gum, a non-ionic and hence non-adsorbing polysaccharide, to sodium 
caseinate stabilised emulsions gave rise to depletion flocculation. Whereas this weak 
flocculation mechanism always occured within the experimental range considered, its effect 
on the emulsion creaming stability largely depended on guar gum concentration and 
environmental conditions, such as pH and salt content.  
At 0.1% of guar, flocculation and creaming seemed to occur simultaneously leading to rapid 
separation of the larger aggregates from a turbid serum that still contained individual 
emulsion droplets. From 0.2% guar onwards, the depletion flocculation kinetics overruled 
gravity effects, resulting in a weak network of aggregated emulsion droplets. However, only 
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in the presence of at least 1% of guar this network was sufficiently strong to withstand 
gravitational compression over several weeks, whereas at lower guar gum concentrations the 
separation of a very transparent serum phase was observed. In the latter case, the delay time 
was dependent on the guar concentration.  
Salt and guar had a synergistic effect on the creaming stability of the caseinate stabilised 
emulsions, which was explained from the fact that it leads to stronger interparticle attraction 
and hence a more elastic network, as evidenced by viscometric analyses. 
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Chapter 4 
 
Influence of pH and biopolymer ratio on whey 
protein – pectin interactions in aqueous 
solutions and in O/W emulsions 
 
Abstract 
Combining Total Carbon (TC) and Total Nitrogen (TN) measurements, the solubility of both protein 
and pectin in mixtures of 0.5 % whey protein isolate and non-amidated high methoxyl sugar beet 
pectin was determined at pH 4.0, as well as pH 5.5. The experimental results indicated that insoluble 
complexes with a protein to pectin ratio of 3.84 +/- 0.88 were formed at pH 4.0 at protein to pectin 
ratios ranging from 5 to 0.5. At pH 5.5, the protein solubility was independent from the amount of 
pectin added, indicating that at these pH-conditions, located above the whey-protein’s iso-electric 
point, either soluble complex formation or cosolubility occurred.  
Light-microscopic analysis of the corresponding emulsions revealed that the large droplet sizes at a 
protein-pectin ratio of 5 at pH 4.0 were due to the low amount of soluble protein left due to 
complexation with pectin. Comparing the residual dissolved protein and pectin concentrations in the 
absence and presence of oil droplets indicated that not only the protein, but also the pectin was 
accumulated at the O/W interface both below and above the protein’s iso-electric point. 
Electrophoretic mobility measurements clearly indicated that pectin adsorption to the whey proteins 
induced a charge reversal at pH 4.0 at higher pectin concentrations, giving rise to smaller droplet sizes. 
At pH 5.5, on the other hand, the electrophoretic mobility of the whey-protein stabilised emulsion 
droplets became gradually more negative upon pectin addition, which not only resulted in a smaller 
droplet size, but also in a significant increase of the creaming stability. 
From the experimental results, it follows that pectin has an emulsion stabilising effect on protein-
stabilised emulsions both below and above the protein’s iso-electric point, provided that electrostatic 
protein precipitation is prevented. 
 
 
Redrafted after: Neirynck, N., Van der Meeren, P., Lukaszewicz-Lausecker, M., Cocquyt, J., 
Verbeken, D. and Dewettinck, K. (2007). Influence of pH and biopolymer ratio on whey 
protein – pectin interactions in aqueous solutions and in O/W emulsions, Colloids & Surfaces 
A: Physicochemical and Engineering Aspects, 298, 99-107. 
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4.1 Introduction 
 
Proteins and polysaccharides play a key role in the structure formation and stabilisation of 
food systems. Hereby, proteins are primarily used as emulsifying agents and polysaccharides 
as stabilising agents. According to Dickinson (1995), the overall stability and texture of food 
colloids containing biopolymer mixtures depends not only on the functional properties of the 
individual ingredients, but also on the nature and strength of the protein-polysaccharide 
interactions. When attractive forces arise, complexation results, whereby the protein-
polysaccharide complexes can be soluble or can lead to aggregative phase separation. On the 
other hand, thermodynamic incompatibility takes place if both the protein and the 
polysaccharide carry the same charge, which may lead to segregative phase separation if the 
polymer concentration is higher than the cosolubility limit (de Kruif & Tuinier, 2001). 
Pectin is a polygalacturonic acid whose intrinsic pK ranges from 2.9 to 3.3 (Whistler and 
BeMiller, 1993). An increasing amount of (mainly high methoxyl) pectin is used for 
stabilisation of acidified milk drinks and yoghurt (Tromp et al., 2004). In this application, the 
pectin reacts with the casein, and thus prevents aggregation of casein particles at pH below 
the IEP of 4.6 and allows pasteurisation. According to Pereyra et al. (1997), the mechanism of 
pectin stabilisation of acidified milk may be either explained from the increased viscosity of 
the continuous phase due to unbound pectin or from either the increased electrostatic or steric 
repulsion upon pectin adsorption. According to Tuinier et al. (2002) pectin adsorption to 
caseins seems to occur at or below pH 5.0, thus illustrating that the interaction is mainly 
electrostatic in nature. Similarly, Girard et al. (2002) concluded that interactions between 
beta-lactoglobulin and both low- and high-methoxyl pectin were mainly caused by 
electrostatic forces.  
In the present study the phase behaviour of whey protein - sugar beet pectin mixtures and 
their emulsifying properties were evaluated in buffer solutions and in 20% soybean O/W 
emulsions, respectively, and compared at pH 4.0 and pH 5.5. These pH-values were chosen 
because most applications of high-methoxyl pectin are situated in the mild acidic pH-range. 
Besides, these pH-values are located in the neighbourhood of the IEP of the most abundant 
whey protein fraction, where the emulsion stabilising properties of the protein may be lost and 
hence are prone to improvement. In order to quantify the protein - pectin interaction, the 
concentration of dissolved protein as well of pectin was determined in both oil-free whey 
protein-pectin mixtures and in the serum phase of the corresponding O/W emulsions. This 
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combined information was related to the partitioning of protein and pectin over the dispersed 
and the continuous phase in emulsions. In addition, pectin sorption at the O/W interface was 
also studied by electrophoretic mobility measurements.  
 
4.2 Materials and methods 
 
4.2.1 Composition of raw materials 
A minimally heat-treated whey protein isolate (WPI), enriched in β-lactoglobulin (approx. 
85% of total protein), was obtained from Davisco Foods International, Inc. (Le Sueur, MN, 
USA). When calculating the amount of WPI powder to be added, a correction for the protein 
content of the powder was taken into account. The pectin samples were kindly provided by 
the Research Centre of Degussa Texturant Systems SAS (Baupte, France). According to the 
supplier, Pectin XPQEMP3 is a non-amidated HM sugar beet pectin with a DE between 60 
and 65% and a DAc of about 20%, whereas Unipectine OB700 is a non-amidated LM apple 
pectin with a DE between 33 and 38% and a DAc of about 5%. The pectin samples were used 
without any further purification. When calculating the amount of pectin powder to be added, a 
correction for the water content of the powder was applied. The composition of the protein 
and pectin samples is shown in Table 4.1. The moisture content of the protein and pectin 
powders was determined by drying at 105 °C to constant weight. The protein content was 
determined by the Kjeldahl method using a conversion factor of 6.38 for WPI and 6.25 for the 
pectin powders. Cations were quantified by flame atomic emission spectrometry (K+ and Na+) 
and flame emission absorption spectrometry (Ca2+ and Mg2+). The total nitrogen (TN) and 
total carbon (TC) content were determined successively using a VarioMAX CN-analyser 
(Elementar Analysensysteme GmbH, Hanau, Germany) equipped with a thermoconductivity 
detector. 
 
Table 4.1 Composition of the protein and the pectin sample in % w/w (nd = not determined) 
Sample Dry matter Protein K
+ Na+ Ca2+ Mg2+ TC TN 
  WPI 95.0 92.6 0.08 0.40 0.08 0.013 53.09+/-0.54 14.08+/-0.03
Pectin XPQEMP3 93.2 3.5 0.24 0.97 0.12 0.004 40.82+/-1.76 0.42+/-0.00 
Unipectine OB700 89.6 0.6 0.10 3.37 0.08 0.010 nd nd 
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Refined soybean oil was obtained from Vandemoortele N.V. (Izegem, Belgium). All other 
reagents were of analytical grade (Sigma-Aldrich Chem.). All buffer solutions were made 
with double deionised water; only in case they were used to prepare emulsions, 0.02% w/w 
Na-azide was added as an antimicrobial agent, because emulsion stability was followed for 8 
days. 
 
4.2.2 Preparation and characterisation of whey protein - pectin 
solutions 
 
4.2.2.1 Preparation 
Whey protein (1% w/w) and pectin (2% w/w) were dissolved separately in a 50 mM acetic 
acid/Na-acetate buffer solution at pH 4.0 or 5.5 while stirring with a magnetic bar. In order to 
equalise the ionic strength of both buffer solutions to a value of 42 mM, 2.03 g L-1 NaCl was 
added to the buffer solution at pH 4.0. The solutions were stored in the refrigerator overnight 
to fully hydrate both hydrocolloids, after which both solutions were mixed at different weight 
ratios of whey protein to pectin while stirring with a magnetic bar. Each mixture contained 
0.5 % w/w whey protein, whereas the pectin concentration was ranging from 0% w/w up to 
1% w/w. 
 
4.2.2.2 Phase separation profiles 
In order to speed up and to register the sedimentation process of whey protein-pectin 
complexes, a LUMiFuge 116 centrifuge with SEPView 4.0 analysis software was used (LUM 
GmbH, Berlin, Germany). 400 µL of each whey protein-pectin mixture was transferred into 
the rectangular polycarbonate cells, with a depth and a width of 2.2 and 8.0 mm, respectively. 
During the first 100 s, the transmission profiles of 6 simultaneously studied samples with the 
same pH-value were recorded every 10 s applying a centrifugal speed of 300 rpm (11 g). This 
was immediately followed by 25 min of centrifugation at 3000 rpm (1147 g), during which a 
profile of each sample was recorded every minute. 
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4.2.2.3 Soluble protein and pectin quantification 
Sealed 50 mL Falcon tubes (Becton Dickinson Labware Europe, France), containing the whey 
protein-pectin mixtures, were centrifuged at 10000 rpm (16274 g) for 100 minutes using a 
Sorvall RC-5B refrigerated superspeed centrifuge and accompanying GSA rotor (Du Pont 
Instruments, Wilmington, DE, USA).  During the first 90 minutes, centrifugation was 
performed at 10 °C, whereas during the last 10 minutes it was done at 2 °C. The supernatant 
was collected from the middle part of the Falcon tubes by means of a pipette without 
disturbing the precipitate layer. 
The protein and pectin content of the 20-fold diluted supernatant phases was derived from TC 
and TN concentration determinations (performed successively) using a TOC–V CPN analyser 
combined with a TNM-1 unit and equipped with an ASI-V high performance auto-sampler 
(Shimadzu Corporation, Kyoto, Japan).  
Alternatively, the pectin content was also measured by a slightly modified colorimetric 
titration (with metahydroxydiphenyl) method as described by Kintner & Van Buren (1982). 
As suggested by Thibault (1979), the use of tetraborate in this assay has been omitted and the 
temperature of the water bath was diminished from 100 to 90°C. Standard calibration curves 
were determined using D-galacturonic acid (Fig.4.1) through the measurement of the 
absorbance at 520 nm with a Shimadzu UV-1205 spectrophotometer (Shimadzu Corporation, 
Kyoto, Japan). Prior to measurement, each supernatant phase was diluted with double distilled 
water to ensure that its concentration was within the range of the calibration curve. 
All determinations described in this paragraph were performed in triplicate. 
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Figure 4.1 Calibration curves of D-galacturonic acid, alone (▲) or in the presence of a double whey 
protein concentration (∆), and pectin (●) in 50 mM Na-acetate buffer at pH 5.5. 
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4.2.3 Preparation and characterisation of emulsions 
 
4.2.3.1 Preparation 
After addition of 20 % w/w soybean oil to the whey protein-pectin solutions, the resulting 
mixture was premixed with a kitchen mixer during 30 s. The pre-emulsions were 
subsequently homogenised in two steps (200 + 50 bar) with a lab scale two-stage high-
pressure homogeniser (APV-2000, APV, Belgium) at room temperature. 
 
4.2.3.2 Protein and pectin quantification in the continuous phase 
Unless stated otherwise, the serum phase of the whey protein stabilised emulsions was 
obtained by a similar centrifugation procedure as described in 2.2.3. After centrifugation, the 
serum was collected through a small hole in the low middle part of the Falcon tubes without 
disturbing the cream and precipitate layer. 
The pectin content of the serum phases was determined by colorimetric titration, whereas the 
protein content was derived from total nitrogen (TN) concentration determinations as 
described in section 2.2.3. 
 
4.2.3.3 Phase separation profiles 
Immediately after emulsion preparation, 13 mL of each emulsion was transferred into a 15 
mm internal diameter glass tube. Phase separation was followed during 8 days at room 
temperature by means of visual observation. The extent of creaming was expressed as the 
height of the serum layer divided by the total height of the emulsion. 
 
4.2.3.4 Particle size distribution 
Laser light scattering experiments were carried out 1 and 8 days after emulsion preparation as 
described in section 2.2.3. Droplet size was characterised in terms of the volume weighted 
mean diameter D43, which is the most sensitive diameter to monitor flocculation and 
coalescence. 
 
4.2.3.5 Light microscopy 
Microscopic images of the 20-fold diluted emulsions were taken with an Olympus light 
microscope CX40 (Olympus Europe GmbH, Hamburg, Germany) equipped with a B/W CCD 
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camera (model ICD-46E) from Ikegami (Ikegami Electronics Europe GmbH, Neuss, 
Germany) at magnification 40X. 
 
4.2.3.6 Electrophoretic mobility 
Electrophoretic mobilities were determined in triplicate at 25 °C by electrophoretic light 
scattering with a Zetasizer IIc (Malvern Ltd., UK). Emulsions that were produced at pH 4.0 or 
5.5 were diluted 1000 times in 20 mM acetic acid/ Na-acetate buffer solution of the same pH 
to avoid multiple scattering effects. 
 
 
4.3 Results and discussion 
 
4.3.1 Phase separation profiles of whey protein – pectin mixtures 
Whereas both the protein and pectin solutions were clear to slightly hazy, a largely increased 
turbidity could be visually observed in some biopolymer mixtures. In order to quantify this 
behaviour, as well as to determine whether the turbidity-causing complexes were precipitated 
upon centrifugation, the temporal and spatial light transmission changes of whey protein-
pectin mixtures at pH 4.0 as well as at pH 5.5 were recorded over the whole sample height 
using a centrifugal separation analyser equipped with an integrated opto-electronic sensor 
system. As a typical example, Fig. 4.2 depicts the transmission profiles of a mixture 
containing 0.5 % w/w whey protein and 0.25 % w/w Pectin XPQEMP3 at pH 4.0 as a 
function of centrifugation time. The top and the bottom of the centrifugal tube were located at 
a radial distance of 95.5 mm and 114.5 mm from the rotation centre, respectively. The low 
initial transmission of about 35% in Figure 4.2 denotes the presence of a large amount of 
dispersed protein-pectin complexes. As can be derived from the drop of the transmission 
value to 26% near the bottom of the centrifugal tube, the strongest and most voluminous 
fraction of these complexes was already precipitated before centrifugation started. As 
centrifugal force was increased and time of centrifugation proceeded, the profiles shifted to 
higher transmission, indicating that particulate whey protein-pectin complexes were gradually 
removed from the bulk liquid. The latter statement is also supported by the decreasing 
transmission as a function of time recorded at the bottom of the tube (from 26% to 22%). For 
completeness, it should be mentioned that the higher transmission in the region from 110 up 
to 113 mm within all profiles has to be considered as an artefact (e.g. due to differences in the 
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sensitivity of the detectors at different positions), since the same behaviour was also observed 
for a buffer solution.  
 
 
 
Figure 4.2 Phase separation profiles of a mixture containing 0.5 % w/w whey protein and 0.25 % 
w/w Pectin XPQEMP3 in a 50 mM Na-acetate buffer solution at pH 4.0. The first 10 
profiles with a transmission value around 35% were recorded at a centrifugal force of 
11g, whereas the others were measured at 1147g. The top and the bottom of the 
centrifugal tube were located at a radial distance of 95.5 mm and 114.5 mm from the 
rotation centre, respectively. 
 
To simplify the comparison of the phase separation profiles of all mixtures, the relative 
transmission (as compared to the buffer) at 102 mm from the centrifuge’s rotation centre, 
which is representative for the bulk liquid properties, at the start and at the end of the 
centrifugal treatment was plotted in Fig. 4.3 as a function of the biopolymer ratio. In this 
figure, no error bars were drawn because the deviation between repetitions was only about 
1%. In the presence of protein only, the transmission slightly increased during centrifugation 
due to precipitation of the highest molecular weight protein fraction, and the remaining 
continuous phase became completely transparent, both at pH 5.5 and pH 4. Considering the 
data obtained at pH 5.5, Fig.4.3 clearly indicates that the transmission decreased nearly 
inversely proportional to the pectin XPQEMP3 content, which points to the fact that pectin 
slightly increased the turbidity. Both the low initial transmission and the increase in 
transmission upon centrifugation (Fig.4.3) clearly indicate that at pH 4.0, where protein and 
pectin are oppositely charged, large insoluble biopolymer aggregates were formed at all 
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protein to pectin ratios, whereas no or only a limited amount of such biopolymer complexes 
were formed at pH 5.5. At the start of the centrifugal treatment the largest turbidity was 
recorded at a biopolymer ratio of 2 to 1 at pH 4.0, which seems to indicate that at these 
conditions, the largest amount of insoluble whey protein-pectin complexes were formed. 
After centrifugation, a lot of these complexes were sedimented and the lowest transmission 
was recorded at the 1 over 2 biopolymer ratio. This could be expected, since the total 
biopolymer concentration is increasing with the biopolymer ratio presented along the x-axis in 
Fig. 4.3. 
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Figure 4.3 Variation of the relative transmission as compared to the buffer as a function of the whey 
protein to pectin weight ratio. All mixtures contain 0.5 % w/w whey protein in a 50 mM 
Na-acetate buffer solution at pH 4.0 (squares) or at pH 5.5 (circles). The relative 
transmission values at the start of the centrifugal treatment are represented by closed 
symbols, whereas values recorded at the end are shown as open symbols. 
 
 
4.3.2 Soluble protein and pectin quantification in whey protein – pectin 
mixtures 
From Table 4.1, it follows that the WPI contained 573.3±5.8 mg C g-1 protein and 152.1±0.3 
mg N g-1 protein, whereas the XPQEMP3 contained 438.0±18.9 mg C g-1 dry pectin and 
4.5±0.0 mg N g-1 dry pectin. This means that the C over N ratio of the protein and the pectin 
are quite different with values of 3.8 and 97.4, respectively, which allows to calculate the 
protein and pectin concentrations from the difference in TC and TN concentration between 
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the biopolymer mixtures and buffer solution, by simultaneously solving the following set of 2 
equations: 
 
TCsample(mg/kg) – TCbuffer(mg/kg)=573.3 (mg/g) x Cprotein (g/kg) + 438.0 (mg/g) x Cpectin (g/kg) 
TNsample (mg/kg) – TNbuffer (mg/kg) = 152.1 (mg/g) x Cprotein (g/kg) + 4.5 (mg/g) x Cpectin (g/kg) 
 
Determinations performed on the centrifuged buffer solutions at pH 4.0 and at pH 5.5 
delivered a C-concentration of 1276±36 and 1293±35 mg kg-1, and an N-concentration of 7±9 
and 7±3 mg kg-1, respectively. The primary data of the TC and TN determinations, as well as 
the derived protein and pectin concentrations are summarised in Table 4.2. At pH 4.0 and a 
pectin content of at least 0.25 % w/w, a part of the sediment was loose. In those cases, a 
determination was performed both before and after the loose fraction of the sediment was 
mixed with the supernatant phase by turning the centrifugal tube one time upside down. In 
Table 4.2 the latter is referred to as measured with or without the loose sediment.  
After correction of the TC- and the TN-values of the protein dispersions at pH 4.0 and at pH 
5.5 for the C- and N-content of the buffer solution, a mean C/N ratio of 3.81 and 3.77 was 
obtained, respectively. Since the same ratio (3.77) was found for the protein powder, making 
use of another instrument with a different kind of detector, this can be considered as a strong 
indication that the determinations were performed accurately. 
In order to check the above-mentioned pectin determination method based on TC and TN 
determinations, the pectin concentration of the centrifuged whey protein-pectin mixtures was 
also measured by colorimetric titration after turning the centrifugal tubes one time upside 
down, to incorporate the loose fraction of the sediment. Calibration curves for D-galacturonic 
acid, alone or in the presence of a double whey protein concentration (compared to the D-
galacturonic acid concentration), and pectin are shown in Figure 4.1. In each of the three 
cases, linear regression gave raise to a determination coefficient of at least 0.994. From Figure 
4.1, it can be concluded that there was hardly any protein interference with the D-galacturonic 
acid determination: the presence of a double protein concentration only slightly decreased the 
slope of the calibration curve from 0.0111 to 0.0107. The latter is in agreement with findings 
of Thibault (1979), who could not note a BSA interference with the colouring reaction below 
a protein concentration of 2000 mg L-1. From the last 2 columns in Table 4.2, it follows that 
the pectin concentrations obtained by the colorimetric method were in line with the results 
derived from TN and TC measurements. As the latter method is much less labour-intensive, it 
is preferable for characterising protein-pectin mixtures. 
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Table 4.2 Total carbon (TC) and total nitrogen (TN) determinations on the supernatant phases of 
whey protein – pectin mixtures at pH 4.0 and pH 5.5 in a 50 mM Na-acetate buffer 
solution. 
pH-
value 
whey 
protein/pectin 
ratio 
loose 
sediment 
TC 
(mg/kg) 
TN 
(mg/kg) 
ProteinTC+TN 
(g/kg) 
PectinTC+TN 
(g/kg) 
Pectincolorimetric 
(g/kg) 
 blank no 1276 ± 36 7 ± 9 -- -- -- 
1/0 no 3888 ± 122 694 ± 24 4.51 ± 0.16 - - 
5/1 no 2260 ± 240 258 ± 84 1.65 ± 0.46 0.09 ± 0.18 0.05 ± 0.02 
2/1 without 2368 ± 9 169 ± 7 1.03 ± 0.05 1.15 ± 0.08 
2/1 with 3498 ± 121 389 ± 36 2.46 ± 0.23 1.86 ± 0.03 1.43 ± 0.23 
1/1 without 4223 ± 10 357 ± 6 2.19 ± 0.04 3.87 ± 0.03 
1/1 with 5261 ± 8 540 ± 14 3.37 ± 0.09 4.69 ± 0.10 4.06 ± 0.47 
1/2 without 7670 ± 34 587 ± 3 3.51 ± 0.02 10.00 ± 0.05 
4.0 
1/2 with 8091 ± 8 615 ± 6 3.68 ± 0.04 10.74 ± 0.04 9.44 ± 1.51 
 blank no 1293 ± 35 7± 3 -- -- -- 
1/0 no 3713 ± 68 649 ± 19 4.22 ± 0.13 - - 
5/1 no 4141 ± 32 676 ± 24 4.38 ± 0.17 0.77 ± 0.29 0.98 ± 0.04 
2/1 no 4879 ± 15 701 ± 23 4.49 ± 0.16 2.31 ± 0.21 2.42 ± 0.03 
1/1 no 5885 ± 103 690 ± 24 4.35 ± 0.16 4.79 ± 0.28 4.90 ± 0.08 
5.5 
1/2 no 8081 ± 101 717 ± 48 4.38 ± 0.32 9.77 ± 0.25 9.58 ± 0.31 
Each mixture contained 0.5 % w/w whey protein. From the TC and TN values the protein and pectin content in 
solution was calculated. In addition, the pectin concentration was determined by colorimetric titration. The 
standard deviations are calculated from 3 separate determinations. 
 
As the protein concentration results at pH 5.5 obtained at different whey protein to pectin 
ratios (Table 4.2) were not significantly different, it follows that the whey protein solubility at 
this pH, which is slightly above the IEP of β-lactoglobulin, was not significantly affected by 
the presence of pectin, thus indicating that hardly any interaction occurred between both 
hydrocolloids. In fact, the protein solubility of the whey protein isolate was about 87 %, 
irrespective of the pectin concentration. Besides, the residual pectin concentration after 
centrifugation was highly similar to the added amount, indicating that the pectin solubility at 
pH 5.5 was close to 100% and was unaffected by the presence of whey protein (Table 4.2). 
The protein and pectin solubility at pH 4.0, as derived from the combined knowledge of the 
added amount and the experimentally determined concentration in the supernatant following 
centrifugation, is presented in Figs. 4.4 and 4.5, respectively.  
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Figure 4.4 Percentage whey protein in solution at pH 4.0 after centrifugation of a mixture of 0.5 % 
w/w whey protein with pectin, the loose fraction of the sediment incorporated (big □) or 
not (small □) and after centrifugation of a 0.4 % w/w whey protein stabilised 20 % w/w 
O/W emulsion (■), as a function of the whey protein to pectin weight ratio.  
 
As can be derived from the open squares in Fig. 4.4, the solubility of whey protein at pH 4.0 
was strongly decreased by the presence of pectin, which points to a strong electrostatic 
interaction. As the original transmission profile shown in Figure 4.3 closely resembles the 
protein solubility curve without loose sediment (Fig. 4.4), it follows that the turbidity in the 
biopolymer mixtures at pH 4 was due to pectin-induced protein precipitation. Minimal protein 
solubility, which has to be expected at the electric equivalence point, was detected at a protein 
to pectin ratio between 5 to 1 and 2 to 1, dependent on the incorporation of the loose fraction 
of the precipitate or not. At pectin amounts in excess of the electric equivalence point, the 
protein solubility was increased again. Similar conclusions can be drawn when looking at the 
open symbols in Fig. 4.5, indicating that the pectin solubility at pH 4.0 was strongly 
decreased by precipitation of insoluble whey protein - pectin complexes. Minimal pectin 
solubility was detected at the highest protein to pectin ratio. From the residual protein and 
pectin concentrations in the supernatant at pH 4, the protein to pectin ratio in the sediment 
was calculated. The experimentally determined value of 3.84 ± 0.88 corresponds quite well to 
the theoretical electric equivalence point of 4.6 for mixtures of beta-lactoglobulin and high 
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methoxyl pectin at pH 4, as determined by Neirynck et al. (2004). Whereas Kazmierski et al. 
(2003) found no precipitation upon mixing beta-lactoglobulin with native high-methoxyl 
(72% DE) pectin (HMP) at pH 3.8, the residual protein content was lowered by about 70% 
after mixing with a HMP that was modified using a plant pectinesterase. According to these 
authors, the higher reactivity of the modified pectin could be ascribed to its higher charge 
density.  As in these experiments a 10/1 protein to pectin ratio was selected, a direct 
comparison with our findings is, however, not possible.  
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Figure 4.5 Percentage pectin in solution at pH 4.0 after centrifugation of a mixture of 0.5 % w/w 
whey protein with pectin (open symbols), the loose fraction of the sediment incorporated 
(large symbols) or not (small symbols) and after centrifugation of a 0.4 % w/w whey 
protein stabilised 20 % w/w O/W emulsion (●), as a function of the whey protein to pectin 
weight ratio. The pectin concentration was either determined by total carbon and total 
nitrogen measurements (□) or by colorimetric titration (○/●). 
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4.3.3 Pectin addition before or after emulsion formation by homogenisation  
 
The aim of these preliminary tests using Unipectine OB700 (in contrast to all other sections of 
Chapter 4, in which pectin XPQEMP3 was used) was to verify what would be the effect on 
the resulting emulsion if 
1) emulsion formation was performed in the presence of the pectin (similar procedure as 
described in the method section, paragraphs 4.2.2.1 and 4.2.3.1) versus  
2) a concentrated pectin dispersion was stirred into the emulsion after homogenisation. 
Concerning procedure 1, it only differed from the one described in section 4.2.3.1 in that the 
emulsions discussed in this section contain 25 % w/w soybean oil. 
Concerning procedure 2, the protein and pectin dispersions were produced separately, and 
were put at 4 °C overnight to fully hydrate the hydrocolloids. Then 30 % w/w soybean oil was 
added to the protein dispersion, premixed for 30 s and homogenised (200 + 50 bar). After 
emulsion formation, dilution happened with adequately concentrated pectin dispersions. 
In order to compare both emulsion formation procedures, serum separation was evaluated 3 
days after the final emulsion was reached, as well as particle size and electrophoretic mobility 
were measured. In addition, also the macroscopic appearance and homogeneity of the 
emulsion were considered of major importance. 
The results of these measurements are summarised in Table 4.3 and 4.4, for emulsions at pH 
4.0 and pH 5.5, respectively. 
 
Table 4.3 Serum separation, particle size and electrophoretic mobility of 0.5 % w/w whey protein 
stabilised 25 % w/w O/W emulsions at pH 4.0 and at five protein to pectin ratios; in 
preparation procedure 1, the pectin was present during homogenisation, whereas in 
procedure 2, pectin was added after homogenisation 
Preparation 
procedure 
Ratio WPI 
on pectin 
Serum 
separation 
(%) 
D[4,3] (µm) Electrophoretic 
mobility EM 
(µm.cm/V/s) 
 
1 10/1 43 57.19 -0.19  
1 5/1 32 8.62 -0.76  
1 2/1 0 4.99 -1.90  
1 1/1 0 3.55 -1.99  
1 1/2 0 2.43 -2.24  
2 10/1 20 18.72 0.07  
2 5/1 15 23.56 -0.87  
2 2/1 2 29.05 -1.70  
2 1/1 1 38.15 -1.74  
2 1/2 0 19.09 -2.06  
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Table 4.4 Serum separation, particle size and electrophoretic mobility of 0.5 % w/w whey protein 
stabilised 25 % w/w O/W emulsions at pH 5.5 and at five protein to pectin ratios; in 
preparation procedure 1, the pectin was present during homogenisation, whereas in 
procedure 2, pectin was added after homogenisation 
Preparation 
procedure 
Ratio WPI 
on pectin 
Serum 
separation 
(%) 
D[4,3] (µm) Electrophoretic 
mobility 
(µm.cm/V/s) 
 
1 10/1 14 15.00 -0.43  
1 5/1 10 10.84 -0.52  
1 2/1 8 10.83 -0.87  
1 1/1 3 9.76 -1.11  
1 1/2 1 6.30 -1.51  
2 10/1 21 30.81 -0.36  
2 5/1 16 34.64 -0.55  
2 2/1 12 28.34 -0.76  
2 1/1 5 22.26 -1.00  
2 1/2 1 16.94 -1.27  
 
The particle size results in both Table 4.3 and Table 4.4 reveal that smaller average particle 
sizes could be obtained with preparation procedure 1, compared to procedure 2. Only in the 
case of pH 4.0 with small amounts of pectin, a bigger emulsion droplet size is obtained using 
procedure 1. The latter is due to abundant precipitation of protein-pectin complexes before 
emulsification, so that little available emulsifier is present during homogenisation. Besides, in 
most cases also the serum separation percentage after 3 days is lower using procedure 1 
versus procedure 2. It follows that post factum addition of pectin did not improve the 
emulsion stability. At pH 4, this follows from the fact that pectin addition induces a charge 
reversal; whereas flocculation induced by lowering the positive charge density is a rapid and 
spontaneous process, spontaneous deflocculation will not take place at higher pectin 
concentrations (which are known to increase the negative surface charge density). The same 
holds for pH 5.5, where the flocculated emulsion obtained in the absence of pectin is not 
spontaneously deflocculated by pectin addition. In these cases, an additional homogenisation 
step might be beneficial. 
In general, the emulsions prepared along procedure 1, had a much more homogeneous and 
uniform appearance compared to the emulsions prepared along procedure 2, which may be 
mainly ascribed to the fact that procedure 2 does not include an intense mixing process after 
combining the ingredients. Moreover, that difference in homogeneity increased over time. 
Therefore, it was decided that for all other emulsions (in this dissertation) also containing 
proteins and polysaccharides, both hydrocolloid dispersions were mixed prior to addition of 
oil and subsequent homogenisation. 
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4.3.4 Protein and pectin quantification in O/W emulsions 
In a second part of this investigation, emulsions were prepared by addition of 20% (w/w) 
soybean oil to the above-described biopolymer mixtures at both pH 4.0 and 5.5 (as described 
in detail in section 4.2.3.1). Hence, all emulsions contained 0.4 % w/w whey protein and 20 % 
w/w soybean oil. This protein to oil ratio was chosen, as it is sufficiently high to completely 
emulsify the oil with the protein alone (Dickinson and James, 2000). However, these 
emulsions are still relatively unstable with respect to creaming, thus providing scope for 
further improvement or destabilisation on addition of polysaccharides (Dickinson and 
Galazka, 1991). 
The determination of the protein and pectin content of the supernatant obtained by 
centrifugation of the emulsions was hampered by 2 effects. First of all, even after 
centrifugation for 100 minutes at 16274 g the serum obtained from the emulsions at pH 4 at 
low protein to pectin ratio remained turbid due to small residual oil droplets, which were an 
additional (variable) source of TC (besides the buffer, the protein and the pectin). As a further 
consequence, the protein and pectin content could not be determined directly from TC and TN 
determinations on the serum phase. Besides, sodium azide had to be added to the continuous 
phase in order to enable storage tests, which was an extra (fixed) source of TN. 
 
4.3.4.1 Pectin determination  
In order to overcome the first problem, the pectin content was first determined by colorimetric 
titration. Comparing Table 4.5 to Table 4.2, it was observed that, except for the lowest protein 
to pectin ratio, the pectin concentrations obtained at pH 5.5 for the emulsion continuous 
phases were significantly lower as compared to the oil-free mixtures. Hence, the pectin 
seemed to be surface-active. This may be explained by electrostatic interaction with residual 
positive patches on the adsorbed whey protein at the interface, which is also known as the 
chain segment binding model (Cai & Arntfield, 1997). According to Leroux et al. (2003) and 
Oosterveld et al. (2002) pectin contains a limited amount of protein that is covalently bound 
to the polygalacturonic chain. In the latter case, the surface activity of the pectin does not 
involve any interaction with the whey proteins. From the colorimetric pectin concentrations at 
pH 4, the residual percentage of dissolved pectin in the continuous phase was calculated. 
Comparing the colorimetric determination results of the serum and the oil-free mixture in 
Figure 4.5 indicates that about 20% of the added pectin was adsorbed at the O/W interface.
  
 
Table 4.5 Pectin, protein and residual oil content of the continuous phases of 0.5 % w/w whey protein stabilised 20 % w/w O/W emulsions at pH 4.0 
and pH 5.5 in a 50 mM Na-acetate buffer solution at five protein to pectin ratios; the protein concentration was derived from the TN 
content, whereas the residual oil concentration followed from the TC-content. 
 
pH-
value 
Whey 
protein/pectin 
ratio 
TC 
(mg/kg) 
TN 
(mg/kg) 
Pectincolorimetric 
(g/kg) 
ProteinTN 
(g/kg) 
Residual 
oilTC 
(g/kg) 
D32 
(µm) 
Protein 
surface load 
(mg/m2) 
Pectin 
surface load 
(mg/m2) 
1/0 3089 ± 116 413 ± 62 0.00 ± 0.00 2.54 ± 0.41 0.46 ± 0.18 1.51 ± 0.04 2.27 ± 0.43  
5/1 1897 ± 82 189 ± 24 0.02 ± 0.00 1.07 ± 0.16 0.00 ± 0.13 28.06 ± 0.08 (12.45 ± 7.72) 0.64 ± 0.25 
2/1 2497 ± 108 80 ± 8 0.89 ± 0.05 0.32 ± 0.05 0.87 ± 0.10 T  2.04 ± 0.14 3.33 ± 0.48 0.84 ± 0.31 
1/1 6384 ± 289 318 ± 12 3.38 ± 0.36 1.82 ± 0.08 3.46 ± 0.48 T 1.76 ± 0.11 2.09 ± 0.26 0.92 ± 0.70 
4.0 
1/2 10445 ± 202 430 ± 18 8.35 ± 0.75 2.43 ± 0.11 5.64 ± 0.14 T 1.89 ± 0.04 1.81 ± 0.17 1.58 ± 1.92 
1/0 3297 ± 47 579 ± 26 0.00 ± 0.00 3.64 ± 0.17 -0.10 ± 0.12 5.57 ± 0.42 2.47 ± 0.92  
5/1 4006 ± 85 639 ± 21 0.44 ± 0.02 4.02 ± 0.14 0.30 ± 0.16 5.51 ± 0.63 1.52 ± 0.93 2.28 ± 0.41 
2/1 4638 ± 109 623 ± 14 2.11 ± 0.03 3.86 ± 0.09 0.35 ± 0.08 5.46 ± 0.32 2.63 ± 0.76 1.29 ± 0.22 
1/1 5466 ± 142 573 ± 30 4.60 ± 0.13 3.46 ± 0.20 0.40 ± 0.31 2.57 ± 0.33 1.75 ± 0.63 0.59 ± 0.31 
5.5 
1/2 10547 ± 782 529 ± 9 9.31 ± 0.62 3.04 ± 0.06 4.78 ± 0.99 T 1.70 ± 0.09 1.74 ± 0.38 0.35 ± 0.72 
From the protein and pectin concentrations, the corresponding surface load was calculated using the surface-area weighted mean emulsion droplet size 
(D32). The standard deviations are calculated based on 3 determinations. 
T  these continuous phases were visually turbid after centrifugation 
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4.3.4.2. Protein determination 
In order to evaluate the effect of the presence of NaN3 on protein determinations by TN 
analysis, the TN of solutions containing 0.0, 0.5, 1.0 and 1.5 g whey protein per kg in 50 mM 
Na-acetate buffer was determined both in the absence and presence of 0.02% NaN3. Linear 
regression yielded the following results: 
 
TNsample(mg/kg)-TNbuffer(mg/kg) = (-0.4+/-1.0) + (1398+/-11) x Cprotein (%)               (r2=0.9999) 
TNsample(mg/kg)-TNbuffer(mg/kg) = (20.5+/-1.5) + (1377+/-16) x Cprotein (%)              (r2=0.9997) 
 
The very high determination coefficient indicates that the TN-response was linearly related to 
the protein content within the considered range in both cases. However, only the intercept of 
the first regression equation was not significantly different from zero. As the slopes of both 
curves were not significantly different, it follows that NaN3 does not interfere with the TN-
determination of the proteins. The TN-contribution of the NaN3 itself corresponds to the 
intercept of the second regression. This value (20.5 mg N/kg) was about 84 % lower than the 
theoretical N-content of 0.02 % NaN3. It is indeed known that nitrogen contained in nitrates, 
nitrites, ammonia and the majority of other organic nitrogen compounds exhibits very high 
detection efficiencies, whereas other nitrogen-containing compounds, such as azides, have 
detection rates ranging from only 10% to 60%, depending on the concentration. 
Based on this information, the protein content may be derived from the TN-content 
diminished by the TN-content of the buffer, the TN-content of the NaN3 and the TN-content 
of the pectin, keeping account of the N-content of the protein. 
 
Cprotein (g/kg) = {TNsample(mg/kg)-TNbuffer(mg/kg)-TNNaN3(mg/kg)-4.5 x Cpectin(g/kg)}/152.1 
 
At pH 5.5, the protein content of the emulsion continuous phases decreased as the pectin 
content was increased, which provides an indication for a synergistic effect of both 
biopolymers. At pH 4, on the other hand, the serum protein content was roughly 30 % lower 
for all emulsions (except at 5/1 ratio) as compared to the oil-free mixtures. Hence, about 1.2 
gram of protein was adsorbed per kg emulsion, which represents 6.0 g of adsorbed protein per 
kg of emulsified oil. 
In order to check the removal efficiency of soybean oil droplets from the supernatant, the TC-
content was diminished by the TC-content of the protein, pectin and buffer, keeping account 
of the fact that the soybean oil contained 775 mg C/g oil. 
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Coil(g/kg)={TCsample(mg/kg)-TCbuffer(mg/kg)-573.3 x Cprotein(g/kg)-438.0 x Cpectin(g/kg)}/775 
 
The high residual C-concentration (Table 4.5) in some continuous phases was in perfect 
agreement with the visual perception of remaining turbidity caused by the presence of small 
oil droplets. 
As the residual oil droplets are characterised by a small size and hence a large interfacial area, 
they may contain a relatively large protein load. Hence, the calculated soluble serum protein 
concentrations may be overestimated in the case of turbid samples due to incorporation of 
some adsorbed protein. This phenomenon is especially important in the whey protein 
stabilised emulsion at pH 4, containing at least 0.2% of pectin. 
 
4.3.5 Phase separation profiles of emulsions 
Figure 4.6 demonstrates that the serum volume fraction of creaming emulsions increased 
rapidly during the first days and reached a stable value after about 1 week. At pH 5.5, 
pronounced creaming of the whey protein stabilised emulsions can be observed in Figure 4.6, 
in the absence as well as the presence of small amounts of pectin. Addition of XPQEMP3 
pectin decreased this creaming tendency. 
At pH 4.0, no serum separation could be observed within the observation period of about 8 
days in the absence of pectin. However, when a small amount of pectin was added, extended 
creaming was observed (Fig. 4.6). On the other hand, no creaming was detected even after 
200 hours if at least 0.2% of pectin was used. 
These trends are completely in line with the calculated residual oil concentrations from TC 
determinations (Table 4.5): for all creaming emulsions, a clear serum containing less than 0.5 
% of residual oil was obtained by centrifugation. 
Since a 1 % w/w pectin solution at pH 5.5 has an apparent viscosity of only 6 mPa.s at a shear 
rate of 10 s-1, it follows that the increased stability towards creaming cannot be explained by 
increased viscosity of the continuous phase. Hence, increased creaming must be either due to 
a smaller emulsifying activity and hence larger primary emulsion droplets, or to emulsion 
destabilisation due to flocculation or coagulation, which results in aggregation of small 
emulsion droplets into larger flocs.  
Chapter 4 
 - 72 - 
0
10
20
30
40
0 50 100 150 200
Time (h)
Se
ru
m
 v
ol
um
e 
fr
ac
tio
n 
(%
)
 
Figure 4.6 Evolution in time of the serum volume fraction of 0.5 % w/w whey protein stabilised 20 
% w/w O/W emulsions at pH 4.0 (dashed line) or pH 5.5 (full lines) at a protein/pectin 
weight ratio of 1/0 (x), 5/1 (■), 2/1 (▲) and 1/1 (●). 
 
 
4.3.6 Emulsion droplet characteristics 
In order to elucidate the causes for the observed differences in creaming stability, both the 
particle size distribution and the electrophoretic mobility of the emulsions was determined. 
Some typical particle size distributions obtained by laser diffraction are included in Fig. 4.7. 
In order to check whether large diameters were caused by aggregates, the laser diffraction 
results were compared to light microscopic observations. The volume-weighted average 
diameters of all emulsions are summarised in Figures 4.8 and 4.9, together with the 
electrophoretic mobilities. Comparing these graphs to the creaming profiles (Fig. 4.6), a 
strong correlation was found between creaming rate and average particle size.  
In the absence of pectin, the inserts in Fig. 4.7 reveal that the degree of aggregation was 
limited at pH 4.0, whereas much more aggregates were observed at pH 5.5. Figure 4.8 clearly 
shows that the largest volume-weighted average diameter (51.7 µm) was obtained at a whey 
protein to pectin ratio of 5/1 at pH 4, which is the closest ratio to the electric equivalence 
point (EEP) at pH 4; microscopic analysis indicated that the large average diameter was 
mainly due to the  
 Influence of pH and biopolymer ratio on whey protein – pectin interactions 
 - 73 - 
0
5
10
15
20
0.01 0.1 1 10 100 1000
Emulsion droplet diameter (µm)
D
iff
er
en
tia
l v
ol
um
e 
(%
)
 
Figure 4.7 Volumetric particle size distribution 1 day after preparation of 0.5 % w/w whey protein 
stabilised 20 % w/w O/W emulsions at pH 4.0 (squares) or pH 5.5 (circles) in the absence 
(filled symbols) or presence (open symbols) of 0.08 % w/w pectin. The arrows connect 
each curve with the corresponding micrograph, in which the bar represents 10 µm. 
 
presence of separate large oil droplets, rather than due to flocculation. The latter may be 
explained from the fact that the strongly decreased protein solubility as observed in Figure 4.4 
causes the residual emulsifier concentration to be too low to cover an extended O/W interface. 
Above the EEP, finer emulsions were formed. From the combined protein solubility (Fig. 4.4) 
and electrophoretic mobility (Fig. 4.8) results, it is deduced that the smaller size is enabled by 
the combined effect of the high emulsifier availability and the pronounced electrostatic, as 
well as steric, stabilisation by soluble protein-pectin complexes.  
At pH 5.5, which is near the IEP of β-lactoglobulin, the main component of WPI, pronounced 
flocculation was observed by microscopy in the absence of pectin. This observation is in line 
with findings of Kulmyrzaev and Schubert (2004), who concluded that the range of pH values 
where whey protein stabilised droplets tend to aggregate is situated between 4.5 and 5.5. The 
presence of severe flocculation follows logically from the small electrophoretic mobility (Fig. 
4.9), indicating that electrostatic repulsion between emulsion droplets is limited. From the 
confrontation of Fig. 4.6 and Fig. 4.9, it follows that the reduced creaming tendency at pH 5.5 
upon pectin addition coincided with a pronounced decrease in average particle size upon 
addition of at least 0.4 % of pectin. Electrophoretic mobility results proved that the decreased  
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Figure 4.8 Relation between volume-weighted mean diameter (bar) and electrophoretic mobility 
(point) both measured 1 day after emulsion preparation of 0.5 % w/w whey protein 
stabilised 20 % w/w O/W emulsions at pH 4.0 at five whey protein to pectin weight ratios 
 
0
2
4
6
8
1/0 5/1 2/1 1/1 1/2
Whey protein/pectin ratio
d 4
3 (
µm
)
-3
-2
-1
0
El
ec
tr
op
ho
re
tic
 m
ob
ili
ty
 
(1
0-
8  m
2  V
-1
 s
-1
)
 
Figure 4.9 Relation between volume-weighted mean diameter (bar) and electrophoretic mobility 
(point) both measured 1 day after emulsion preparation of 0.5 % w/w whey protein 
stabilised 20 % w/w O/W emulsions at pH 5.5 at five whey protein to pectin weight ratios 
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particle size was due to increased electrostatic repulsion due to pectin adsorption. As pectin 
adsorption above the whey protein IEP is, however, rather weak, the amount of pectin should 
be at least equal to the amount of protein. 
Combining the amount of adsorbed protein and the surface area-weighted average particle 
size (D32), the protein surface load may be estimated. 
 
Surface load (Γ) = [(1- φv).(Coil-free - Cserum)] / (φv.6/D32) 
 
In this equation, the dispersed phase volume fraction φv (corresponding to a mass fraction of 
0.20) equals 21.2%. Table 4.5 reveals that the protein surface load was about 2 mg m-2 of 
O/W interface for all emulsions, except for the pH 4 emulsion of 5/1 protein to pectin ratio. 
Although the confidence interval for the pectin surface load data is quite broad, the results in 
Table 4.5 demonstrate that the pectin surface load was significantly different from zero both 
at pH 4 and pH 5.5, except at the highest pectin concentrations. 
 
 
4.4 Conclusion 
 
The temporal and spatial turbidity profiles of oil-free mixtures of pectin and whey protein 
indicated that very strong electrostatic interactions occurred below the protein’s iso-electric 
point. This interaction gave raise to large insoluble complexes in the neighbourhood of the 
electric equivalence point, which in turn resulted in a low emulsifying activity index. As more 
pectin was added, an increasing amount of soluble complexes with increasing emulsifying 
activity index were formed. Hence, below the protein’s iso-electric point the amount of pectin 
added should be large enough so that the pectin to protein ratio is much larger than the 
electric equivalent point. 
Above the whey protein’s iso-electric point, the protein solubility was not affected by pectin 
addition. However, also under these circumstances, the pectin was surface-active and as such 
both increased the emulsifying activity index, as well as the emulsion stability. The latter was 
assigned to the combined electrostatic and steric repulsion effects of pectin at the O/W 
interface. 
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Chapter 5 
 
Improved emulsion stabilising properties of 
whey protein isolate by conjugation with pectins 
 
Abstract 
Functional properties of glyco-protein conjugates of the anionic polysaccharide pectin with whey 
protein isolate, obtained by dry heat treatment at 60 °C for 14 days, have been investigated in O/W 
emulsions containing 20 % w/w soybean oil and 0.4 % w/w protein both at pH 4.0 and 5.5. Emulsion 
stabilising properties of mixtures and conjugates were compared at five protein to pectin weight ratios 
by determining changes in droplet size distribution and extent of serum separation with time. The 
results indicated that the dry heat-induced covalent binding of low methoxyl pectin to whey protein, as 
shown by SDS-PAGE, led to a substantial improvement in the emulsifying behaviour at pH 5.5, which 
is near the isoelectric pH of the main protein β-lactoglobulin. At pH 4.0, however, a deterioration of 
the emulsifying properties of whey protein was observed using either mixtures of protein and pectin or 
conjugates. 
The observed effects could be explained by protein solubility and electrophoretic mobility 
measurements. The protein solubility at pH 5.5 was hardly changed using mixtures of protein and low 
methoxyl pectin or conjugates, whereas at pH 4.0 it was decreased considerably. Electrophoretic 
mobility measurements at pH 5.5 revealed a much more pronounced negative charge on the emulsion 
droplets in the case of protein-pectin conjugates, which clearly indicated that conjugated pectin did 
adsorb at the interface even at pH conditions above the protein’s iso-electric point. Hence, the 
improved emulsifying properties of whey protein isolate at pH 5.5 upon conjugation with low 
methoxyl pectin may be explained by enhanced electrosteric stabilisation. 
Comparing two different commercial pectin samples, it was clearly shown that the dextrose content 
during dry heat treatment of protein-pectin mixtures should be as low as possible since protein-sugar 
conjugates not only resulted in increased brown colour development, but also gave raise to a largely 
decreased protein solubility which very badly affected the emulsifying properties. 
 
 
Redrafted after: Neirynck, N., Van der Meeren, P., Bayarri Gorbe, S., Dierckx, S. and 
Dewettinck, K. (2004). Improved emulsion stabilising properties of whey protein isolate by 
conjugation with pectins, Food Hydrocolloids, 18(6), 949-957. 
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5.1 Introduction 
 
The overall stability and texture of colloidal food systems depends not only on the functional 
properties of the individual ingredients, but also on the nature and strength of the protein-
polysaccharide interactions (Dickinson, 1995). According to Dickinson and Galazka (1991) 
interactions between proteins and polysaccharides may increase the solubility and the stability 
of the proteins, and hence their applicability for food, medical as well as cosmetic products. 
Several researchers have found that selecting a protein-polysaccharide conjugate rather than 
the protein alone as the emulsifying agent can markedly enhance emulsion stabilisation. In 
these studies, the protein was conjugated to dextran (Akhtar and Dickinson, 2003; Dickinson 
and Galazka, 1991; Dickinson and Semenova, 1992; Galazka, 1991; Kato, 1996; Kato et al., 
1992), galactomannan (Kato, 1996; Kato et al., 1992; Matsudomi et al., 1995), low methoxyl 
pectin (Mishra et al., 2001), carboxymethyl cellulose (Diftis and Kiosseoglou, 2003), or 
maltodextrin (Shepherd et al., 2000). In general, two different interaction mechanisms may be 
distinguished. First of all, covalent coupling via a chemical reaction may form a protein-
polysaccharide hybrid molecule. Alternatively, a protein-polysaccharide complex may 
originate from a non-covalent association, e.g. by electrostatic interaction. In the former case, 
the biopolymer molecules are permanently linked together, whereas in the latter case the 
association may be relatively weak and hence readily reversible. As a consequence, non-
covalent complexes may dissociate on changing temperature or pH. The main advantage of 
covalent protein-polysaccharide hybrids over non-covalent complexes is the retention of 
molecular integrity and solubility over a wider range of experimental conditions (Dickinson 
and Galazka, 1991). 
 
Many chemical and enzymatic methods have been developed to improve the functional 
properties of proteins. Thus, Domb et al. (2000) patented the covalent coupling of different 
biologically active substances to polysaccharides that were previously activated to 
dialdehydes by periodate oxidation. More recently, Axelos et al. (2002) patented the 
conjugation of proteins to high methoxyl pectin by reaction of the carboxy function of the 
pectin with the amine function of the protein in the presence of a carboxy-activating agent. 
However, most of these methods are not appropriate for food applications because of potential 
health hazards. These disadvantages may be circumvented by inducing a Maillard-type 
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reaction between the ε-amino groups in proteins and the reducing-end carbonyl groups in 
polysaccharides during dry heat treatment under controlled atmosphere (Kato, 1996). 
 
In the present study the emulsifying properties of whey protein-pectin mixtures and 
conjugates obtained by dry heating under controlled atmosphere were evaluated and 
compared at pH 4.0 and pH 5.5 in 20% soybean O/W emulsions. These pH-values were 
chosen because most applications of low methoxyl pectin are situated in the mild acidic pH-
range. Besides, these pH-values are located in the neighbourhood of the IEP of the most 
abundant whey protein fraction where the emulsion stabilising properties of the protein may 
be lost and hence are prone to improvement. This study mainly focused on whey protein-
pectin conjugates, considering two commercially available pectin samples, differing both in 
origin, in degree of methoxylation and in dextrose content. For the sake of completeness, it 
has to be mentioned that whey protein-low methoxyl pectin conjugates were already studied 
by Mishra et al. (2001). However, their study only reported improved values for emulsifying 
activity (EA) and emulsion stability (ES), but did not investigate the fundamental mechanisms 
of the superior emulsion stabilising properties. In order to better understand the interaction 
mechanisms, we performed SDS-PAGE, protein solubility, as well as electrophoretic mobility 
measurements. Emulsion stability was evaluated from both visual creaming observations and 
particle size analysis. 
 
 
5.2 Materials and methods 
 
5.2.1 Composition of raw materials 
A minimally heat-treated whey protein isolate (WPI), enriched in β-lactoglobulin (approx. 
85% of total protein), was obtained from Davisco Foods International, Inc. (Le Sueur, MN, 
USA). When calculating the amount of WPI powder to be added, a correction for the protein 
content of the powder was taken into account. Both pectin samples were kindly provided by 
Degussa Texturant Systems Benelux B.V. (Ghent, Belgium). According to the supplier 
Unipectine AYD250 is a HM citrus pectin with a DE between 69 and 74%, whereas 
Unipectine OB700 is a LM apple pectin with a DE between 33 and 38%. The pectin samples 
were used without any further purification. When calculating the amount of pectin powder to 
be added, a correction for the water content of the powder was applied. 
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The composition of the protein and pectin samples is shown in Table 5.1. 
Refined soybean oil was obtained from Vandemoortele N.V. (Izegem, Belgium). All other 
reagents were of analytical grade. The different buffer solutions were made with double 
deionised water in the presence of 0.02% Na-azide as an antimicrobial agent. 
 
Table 5.1 Composition of protein and pectin samples in % w/w 
Sample Dry matter Protein K
+ Na+ Ca2+ Mg2+ 
     WPI 95.0 92.6 0.08 0.40 0.08 0.01 
Unipectine AYD250 90.5 1.4 0.04 0.24 0.22 0.01 
Unipectine OB700 89.6 0.6 0.10 3.37 0.08 0.01 
 
 
5.2.2 Preparation and Characterisation of Whey Protein-Pectin Conjugates 
The conjugates were prepared using a Maillard-type reaction through lyophilisation followed 
by dry heat treatment. Protein and pectin solutions were produced separately, after which the 
pH of both solutions was corrected to pH 7.0 using 0.1 eq L-1 NaOH. After storage in the 
refrigerator overnight, protein and pectin solutions were mixed at different ratios of whey 
protein to pectin (1/0, 4/1, 2/1, 1/1, 1/2, and 0/1). The mixed solutions were frozen and 
lyophilised (Heto FD 3 freeze dryer, Germany). The lyophilised powders were incubated at 
60 °C for 14 days at 75% relative humidity in a dessicator containing a saturated NaCl 
solution. 
The molecular weight of the protein fraction of untreated and dry heat-treated WPI and 
mixtures or conjugates of WPI and pectin was characterised by SDS Polyacrylamide Gel 
Electrophoresis. Samples were solubilised to a final protein concentration of 4 g L-1 in a 10 
mM Tris-HCl, 1 mM EDTA, pH 8.0 buffer, containing 25 g L-1 SDS and 50 g L-1 β-
mercaptoethanol. Prior to analysis, solutions were heated for 5 min in a boiling water bath, 
followed by cooling to room temperature with running tap water. Electrophoresis was 
performed at 15 °C with the Pharmacia PhastSystem, using a PhastGel Homogeneous 20 with 
an optimal separation range for proteins between 14 and 94 kDa molecular weight. The gels 
were stained with Coomassie Blue. 
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As a measure for the progress of the Maillard reaction the colour of the untreated and dry 
heated powders was quantified with a Minolta Spectrophotometer 2500b using D65 standard 
daylight in five repetitions. Before the spectrophotometric measurement, powders were 
ground in a planetary bead mill (PM 400, Retsch, Germany) for 10 minutes at 250 rpm. The 
colour of each powder was expressed numerically as Lightness, Chroma and hue angle (LCh-
values). 
 
5.2.3 Preparation and Characterisation of Whey Protein-Pectin Solutions 
Whey protein-pectin conjugates or mixtures of WPI and pectin were dissolved in a 50 mM 
acetic acid/Na-acetate buffer solution at pH 4.0 and 5.5 at different ratios of whey protein to 
pectin while stirring with a magnetic bar. In order to equalise the ionic strength of both buffer 
solutions to a value of 42 mM, 2.03 g L-1 NaCl was added to the buffer solution at pH 4.0. 
The aqueous phase of each solution contained 0.5 % w/w whey protein. The solutions were 
stored in the refrigerator overnight to fully hydrate both hydrocolloids. Protein solubility was 
determined by the Kjeldahl method after centrifugation at 5600 g for 10 min at 2 °C. 
 
5.2.4 Preparation and Characterisation of Emulsions 
After addition of 20 % w/w soybean oil to the protein-polysaccharide solutions, the resulting 
mixture was premixed with a kitchen mixer during 30 s. The pre-emulsions were 
subsequently homogenised in two steps (200 + 50 bar) with a lab scale two-stage high-
pressure homogeniser (APV-2000, APV, Belgium) at room temperature. Immediately after 
preparation, 13 mL of each emulsion was poured into a glass tube of 15 mm diameter. Phase 
separation was followed during 11 days by means of visual observation. Laser light scattering 
experiments were carried out 1 and 7 days after emulsion preparation as described in section 
4.2.3.4. 
Electrophoretic mobilities were determined in triplicate at 25 °C by electrophoretic light 
scattering with a Zetasizer IIc (Malvern Ltd., UK). Emulsions which were produced at pH 5.5 
were diluted 1000 times in 20 mM acetic acid/ Na-acetate buffer solution of pH 4.0 till 5.5 
before electrophoretic mobility measurement. For reasons of clarity in Figure 5.8 no error 
bars are shown because the deviation between repetitions did not exceed 0.1 10-8 m² V-1 s-1. 
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5.3 Results and discussion 
 
5.3.1 Characterisation of Conjugates 
Protein-pectin conjugates were prepared by dry-heat treatment of lyophilised mixtures. Before 
mixing the biopolymer solutions, their pH was corrected to pH 7.0, since this avoids the 
formation of ionic complexes upon mixing, which might form at lower pH (Mishra et al., 
2001). Moreover, Van Boekel and Brands (2003) report that the Maillard reaction is strongly 
dependent on pH, with an optimum roughly between pH 6 and 9. The temperature and the 
duration of the dry heat treatment of the freeze-dried powders of whey protein-pectin mixtures 
were fixed at 60 °C and 14 days, respectively. At that temperature only a limited degree of 
denaturation of the dry whey proteins is expected. According to Kato (1996), the quite long 
duration of the treatment is necessary because the globular structure of the proteins may 
suppress the formation of conjugates. Besides, Van Boekel and Brands (2003) mention that 
when the water activity becomes low, the rate of the Maillard reaction decreases because of 
diffusion limitation, but nevertheless reaction can also continue in powders, albeit slowly. For 
the sake of completeness, it should be mentioned that Akhtar and Dickinson (2003) recently 
proved whey protein-dextran conjugate formation during a much shorter reaction time (2h) at 
elevated temperature (80 °C). 
As a measure for the progress of the Maillard reaction the colour of the untreated and dry 
heated powders was quantified. Only the values for the hue angle are discussed below, 
because these numbers reflect the visual perception best. All measured hue angles were 
between 0° and 90°, i.e. between red and yellow, respectively. The more the hue angle shifts 
to lower values, the more brown the powder. Figure 5.1 reveals that the hue angle for protein-
LM pectin conjugates was almost entirely confined between the hue angles of the individual 
dry heated components; error bars are not shown because the deviation between repetitions 
did not exceed 1%. Hence, for protein-LM pectin conjugates, no conclusion can be drawn 
from these measurements, although a mild brown colour could be clearly seen visually. On 
the other hand, the dark brown colour of protein – HM pectin conjugates, indicating an 
advanced progress of the Maillard reaction, is clearly observed in Figure 5.1 by comparing the 
hue angles of the individual dry heated components with the hue angle of the conjugates. At 
first sight, the difference between low and high methoxyl pectin may seem hard to explain, as 
methoxylation is not expected to affect the number of carbonyl groups available for Maillard 
reaction. According to our opinion, the dark brown colour of the conjugates containing HM 
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pectin not only results from a Maillard-type reaction between protein and pectin molecules, 
but is most probably primarily due to a Maillard reaction between protein and dextrose 
molecules. According to the manufacturer, about 40% of dextrose was added to this particular 
HM pectin powder sample to ensure standardised stabilisation of milk proteins in acid dairy 
beverages, which is the main application of this type of HM pectin. The LM pectin powder, 
on the other hand, contained only trace amounts of dextrose. 
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Figure 5.1 Colour description through variation of the hue angle of untreated whey protein powder 
(filled circle), untreated low and high methoxyl pectin powder (filled square and triangle, 
resp.) and lyophilised and dry heated mixtures of whey protein and low or high methoxyl 
pectin (open squares and triangles, resp.) as a function of the whey protein to pectin ratio.  
 
Covalent linking of the protein to LM pectin was confirmed by SDS-PAGE. The SDS-PAGE 
patterns of whey protein, either incubated with or without pectin or as a simple admixture 
with pectin, were compared for different protein to pectin ratios. The protein bands shown in 
Figure 5.2 were identified by comparison with a low MW standard (Pharmacia Biotech), 
which contained α-lactalbumin and BSA among other proteins. The pattern of the untreated 
whey protein (lane 2) showed 4 clear bands, which could be allocated to α-lactalbumin, β-
lactoglobulin, β-lactoglobulin dimer and BSA, starting from the lowest MW protein. The 
quite strong dimer band of β–lactoglobulin, could be the result of the applied method, in 
which a heat treatment (5 min in a boiling water bath) was used not long before the gel 
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electrophoresis experiment. Apparently, β-mercaptoethanol and SDS could only dissociate a 
part of the β-lactoglobulin dimers or did not dissociate them at all. 
 
 
Figure 5.2 SDS-PAGE of whey protein – low methoxyl pectin mixtures and conjugates. Lane (2), (4) 
and (6) refer to protein-pectin mixtures without further treatment, whereas the samples 
in lane (3), (5) and (7) have been lyophilised and dry heated after mixing. The 
protein/pectin ratio was 1/0 in lane (2) and (3), 4/1 in lane (4) and (5), and 2/1 in lane (6) 
and (7). Lane (1) contains a low MW standard. 
 
No bands were detected when either untreated or dry heat-treated pectin was subjected to 
SDS-page analysis. The patterns of the untreated mixtures of protein and pectin were equal to 
the pattern of untreated whey protein, indicating that either no electrostatic complexes were 
formed between protein and pectin, or that these complexes were dissociated in the presence 
of SDS. In the dry heat-treated samples, a large band of immobile sample was observed at the 
injection spot. Besides, much more diffuse and hence polydispersed bands were observed in 
the high molecular weight region of the gel. In addition, the band of β-lactoglobulin dimer 
became more pronounced. The latter suggests that the 2-week dry heat treatment at moderate 
temperature (60 °C) induced some denaturation and subsequent aggregation. Kinsella and 
Whitebread (1989) concluded that β-lactoglobulin denatures above 65 °C to an extent 
dependent on time and temperature conditions, leading to a change in its conformation with 
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more exposed and so reactive thiol and amine groups. Extra formation of β-lactoglobulin 
dimers can be seen in Figure 5.2 after dry heat treatment, which is probably the result of 
intermolecular disulfide bond formation. Again, given the used method, in the available 
period SDS and β-mercaptoethanol were probably not able to separate (all) extra β-
lactoglobulin dimers (nor other higher molecular weight compounds). 
All of these observations give a clear indication that higher molecular weight compounds 
were formed by dry heat treatment. In case pectin was present during the dry heat treatment, a 
larger amount of protein was immobilised at the injection spot and polydispersed bands were 
much more pronounced, indicating the presence of protein-pectin conjugates. This last result, 
together with the visible browning of the composite, is highly suggestive of a Maillard-type 
reaction between a pectin-reducing group and a lysine side chain on the protein. In fact, 
similar observations were described by Kato et al. (1992), Akhtar and Dickinson (2003), and 
Diftis and Kiosseglou (2003), who also verified the formation of covalent complexes on dry-
heating of casein-dextran, whey protein-dextran, and soybean protein-carboxymethyl 
cellulose mixtures, respectively, using SDS-page analysis. As an alternative, Jumel et al. 
(1993) proposed gel permeation chromatography with light scattering detection and 
ultracentrifugation to gather more direct evidence of BSA-dextran conjugate formation as a 
result of dry heating. 
 
5.3.2 Protein Solubility 
As can be seen in Figure 5.3, the solubility of the untreated whey protein at pH 5.5 was not 
affected by the addition of any amount or kind of pectin and stayed at 93%, indicating no or 
only a weak interaction between both hydrocolloids. By lyophilisation and subsequent dry 
heating, the solubility of the protein at pH 5.5 decreased with 5%. The addition of any amount 
of LM pectin during these treatments did not affect the solubility of the protein at pH 5.5, 
staying at 88%. On the other hand, the presence of HM pectin during these treatments reduced 
the protein solubility to about 30%. These observations are in line with the colour 
measurements: whereas dry heat treatment of lyophilised mixtures of whey protein and LM 
pectin did not have a substantial effect, the same treatment of mixtures with HM pectin 
resulted in a pronounced browning, indicating strong Maillard-type interactions, which 
apparently largely reduced the protein solubility. As can be derived from Figure 5.4 the 
solubility of untreated whey protein at pH 4.0 was strongly decreased by the presence of 
pectin, which points to a strong electrostatic interaction. 
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Figure 5.3 Percentage of soluble whey protein after mixing 0.5 % w/w whey protein with low 
(squares) or high methoxyl (triangles) pectin in a 50 mM Na-acetate buffer solution at pH 
5.5 without further treatment (filled symbols) and after lyophilisation and dry heat 
treatment (open symbols) as a function of the whey protein to pectin ratio 
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Figure 5.4 Percentage of soluble whey protein after mixing 0.5 % w/w whey protein with low 
(squares) or high methoxyl (triangles) pectin in a 50 mM Na-acetate buffer solution at pH 
4.0 without further treatment (filled symbols) and after lyophilisation and dry heat 
treatment (open symbols) as a function of the whey protein to pectin ratio 
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For LM pectin, minimal protein solubility was detected at a protein to pectin ratio of (at least) 
4 to 1, whereas for HM pectin this ratio numbered 2 to 1. As minimal protein solubility is 
expected at the electric equivalence point, the shift of the solubility minimum to larger pectin 
concentrations when comparing low to high methoxyl pectin is a logical consequence of the 
reduction of the anionic charge density of the pectins by methoxylation. The presence of 40% 
dextrose in the HM pectin powder provides an additional explanation for the lower protein to 
pectin ratio as compared to the LM pectin. By calculation of the balance of ionised residues, 
as proposed by Horn and Heuck (1983), the charge density of β-lactoglobulin, the main whey 
protein, was estimated to be about 35 C g-1 at pH 4.0. On the other hand, the charge density at 
pH 4.0 on low and high methoxyl pectin as measured by titration with a 0.01 eq L-1 solution 
of cationic poly(di-allyl-di-methylammoniumchloride) using the Particle Charge Detector 03 
(Mütek, Germany) for end-point detection (Vernhet et al., 1996), was about -267 and -160 C 
g-1, respectively. The combination of both charge densities reveals that electric equivalence at 
pH 4.0 should be obtained at protein to pectin ratios of about 7.6 and 4.6, for low and high 
methoxyl pectin, respectively, which is in line with the experimental ratios determined from 
protein solubility measurements. At pectin amounts in excess of the electric equivalence 
point, the protein solubility was increased again at pH 4.0. 
By lyophilisation and subsequent dry heating the solubility of the protein at pH 4.0 in the 
absence of pectin only decreased with 2%. On the other hand, the solubility of the protein at 
pH 4.0 within protein-pectin conjugates was substantially lower as compared to the solubility 
within non-treated protein-pectin mixtures. Hence, the combination of electrostatic and 
covalent bonds obtained after dry heat treatment has led to a very strong interaction between 
protein and pectin, which seemed to badly affect the solubility. The latter is especially the 
case for protein-HM pectin conjugates. 
 
5.3.3 Emulsion creaming stability 
All emulsions contained 0.4 % w/w whey protein and 20 % w/w soybean oil. This protein to 
oil ratio was chosen, as it is sufficiently high to completely emulsify the oil with the protein 
alone (Dickinson and James, 2000). However, these emulsions are still relatively unstable 
with respect to creaming, thus providing scope for further improvement or destabilisation on 
addition of polysaccharides (Dickinson and Galazka, 1991). At pH 5.5, pronounced creaming 
of whey protein stabilised emulsions can be observed in Figure 5.5, in the absence as well as 
the presence of small amounts of LM pectin. 
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At this pH, which is near the IEP of β-lactoglobulin, the main component of WPI, 
electrostatic repulsion between emulsion droplets is limited, resulting in fast flocculation and 
extended creaming. The presence of severe flocculation can be deduced from the relatively 
large volume of the cream layer after 11 days (60%) as compared to the amount of oil added 
(20%). These results are in agreement with findings of Kulmyrzaev and Schubert (2004), who 
concluded that the range of pH values where whey protein stabilised droplets tend to 
aggregate is situated between 4.5 and 5.5. From Figure 5.5, it can also be derived that addition 
of LM pectin largely decreased creaming. Since a 1 % w/w pectin solution, at pH 4.0 as well 
as at pH 5.5, has an apparent viscosity of only 6 mPa.s at a shear rate of 10 s-1, it follows that 
the increased creaming stability cannot be explained by an increased viscosity of the 
continuous phase, but must be due to increased electrostatic as well as steric repulsion 
between droplets. 
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Figure 5.5 Creaming stability of 0.4 % w/w whey protein stabilised 20 % w/w soybean O/W 
emulsions in the presence of low methoxyl pectin at pH 5.5. The protein to pectin ratio is 
1/0 (crosses), 4/1 (squares), 2/1 (triangles), 1/1 (circles) and ½ (stars). 
 
Figure 5.5 demonstrates that the serum volume fraction increased rapidly during the first days 
and reached a stable value after about 1 week. Hence, the creaming stability data in Table 5.2 
were evaluated after 8 days. As can be deduced from Table 5.2, whey protein-LM pectin 
conjugates resulted in a further decrease of the speed of the creaming phenomenon at pH 5.5 
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as compared to the use of untreated mixtures of whey protein and pectin. Even at the lowest 
concentration of LM pectin studied, the serum volume fraction 8 days after preparation of the 
emulsions containing protein-LM pectin conjugates was smaller than the one of the emulsions 
containing 8 times more pectin without pre-treatment. 
 
Table 5.2 Volume weighted mean diameter (d43) 1 and 7 days after preparation, creaming 8 days 
after preparation, and electrophoretic mobility (EM) of 0.4 % w/w whey protein 
stabilised 20 % w/w soybean O/W emulsions in the presence of various amounts of low 
methoxyl pectin at pH 4.0 and pH 5.5. 
 
d43 (µm) pH Treatment Protein/LM 
pectin ratio Day 1 Day 7 
Serum volume 
fraction (%) 
EM 
(10-8 m² V-1 s-1)
1/0 2.0 2.7 1 1.33 
4/1 9.4 9.0 49 -1.55 
2/1 6.7 5.6 61 -2.13 
1/1 4.1 4.3 4 -2.21 
 
 
UT 
1/2 3.0 3.2 2 -2.19 
1/0 2.2 2.5 2 1.91 
4/1 22.7 21.1 67 -1.10 
2/1 15.4 8.8 57 -1.74 
1/1 8.5 7.0 24 -1.82 
 
 
 
 
4.0 
 
 
DHT 
1/2 2.9 2.9 2 -1.91 
1/0 22.7 40.5 39 -2.01 
4/1 15.9 34.4 38 -1.86 
2/1 9.9 17.2 30 -2.17 
1/1 7.9 9.2 9 -2.65 
 
 
UT 
1/2 3.1 3.4 4 -2.85 
1/0 7.8 10.9 30 -1.76 
4/1 1.9 1.8 3 -2.94 
2/1 1.8 1.9 2 -3.18 
1/1 2.0 2.1 1 -3.21 
 
 
 
 
5.5 
 
 
DHT 
1/2 1.9 2.0 1 -3.14 
Before emulsification, mixtures of whey protein and pectin were untreated (UT) or lyophilised and dry heat 
treated (DHT). 
 
At pH 4.0, which is further away from the IEP of β-lactoglobulin, enough electrostatic 
repulsion between emulsion droplets existed to obtain good stability in the absence of LM 
pectin. However, when a small amount of pectin was added, extended creaming was 
observed. Light microscopic observations indicated that the increased droplet size (Table 5.2) 
by addition of pectin was not due to flocculation, but to the presence of separate large oil 
droplets, which can be explained from the strongly decreased protein solubility as observed in 
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Figure 5.4. From 0.4 % w/w pectin onward, the emulsions showed good creaming stability. 
Although showing the same trend, the use of whey protein-LM pectin conjugates resulted in 
an even bigger increase of the speed of the creaming phenomenon at pH 4.0 as compared to 
the use of untreated mixtures of whey protein and pectin, which is in line with the still lower 
protein solubility of the whey protein-LM pectin conjugates as compared to the electrostatic 
complexes at pH 4.0. As can be seen in Table 5.3, similar values for the serum volume 
fraction after 8 days are reported for emulsions prepared in the presence of low and high 
methoxyl pectin, at pH 5.5 as well as at pH 4.0. 
 
Table 5.3 Volume weighted mean diameter (d43) 1 day after preparation, creaming 8 days after 
preparation, and electrophoretic mobility (EM) of 0.4 % w/w whey protein stabilised 20 
% w/w soybean O/W emulsions in the presence of various amounts of high methoxyl 
pectin at pH 4.0 and pH 5.5. 
 
pH Treatment Protein/HM pectin 
ratio 
d43 
(µm) 
Serum volume 
fraction (%) 
EM 
(10-8 m² V-1 s-
1) 
1/0 2.0 1 1.33 
4/1 26.2 42 -1.24 
2/1 26.8 33 -1.36 
1/1 13.6 5 -1.37 
 
 
UT 
1/2 2.8 2 -1.38 
1/0 2.2 2 1.91 
4/1 - - -1.01 
2/1 - - -1.67 
1/1 - - -1.97 
 
 
 
 
4.0 
 
 
DHT 
1/2 - - -1.74 
1/0 22.7 39 -2.01 
4/1 16.1 37 -1.79 
2/1 10.8 13 -1.71 
1/1 2.2 7 -1.75 
 
 
UT 
1/2 1.6 2 -1.79 
1/0 7.8 30 -1.76 
4/1 15.2 70 -3.05 
2/1 56.1 63 -2.80 
1/1 63.5 49 -2.58 
 
 
 
 
5.5 
 
 
DHT 
1/2 79.8 26 -2.27 
Before emulsification, mixtures of whey protein and pectin were untreated (UT) or lyophilised and dry heat 
treated (DHT). 
However, using whey protein-HM pectin conjugates resulted in an enormous increase of the 
creaming speed of the emulsions at pH 5.5. Moreover, at pH 4.0, it was even impossible to 
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prepare emulsions with these conjugates. These results are a logical consequence of the 
limited solubility of the whey protein-HM pectin conjugates at pH 5.5 and by their nearly 
complete insolubility at pH 4.0, which results in a too low dissolved protein concentration to 
fully cover the interfacial area produced during high-pressure homogenisation. 
 
5.3.4  Emulsion particle size distribution 
Figure 5.6 demonstrates that the particle size distribution 1 day after preparation of a whey 
protein stabilised emulsion at pH 5.5 was shifted to smaller diameters by addition of 0.1 % 
w/w pectin. Whey protein-LM pectin conjugates, instead of just a mixture of the same amount 
of whey protein and pectin, resulted in a much more pronounced shift of the particle size 
distribution to smaller diameters. 
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Figure 5.6 Particle size distribution 1 day after preparation of 0.4 % w/w whey protein stabilised 20 
% w/w soybean O/W emulsions at pH 5.5 without (circles) and in the presence of 0.1 % 
w/w low methoxyl pectin, which is conjugated to the protein (open squares) or not (filled 
squares). 
 
The results of all particle size distribution determinations are summarised in Table 5.2 and 5.3 
by the volume-weighted average diameter. As can be verified from Figure 5.7, the emulsions 
could be split in two groups on basis of  their volume-weighted mean particle size 1 day after 
Chapter 5 
 - 92 - 
production (of the emulsions prepared in the presence or absence of low methoxyl pectin) and 
the resulting serum volume fraction after 8 days: the serum volume fraction was 4 % at the 
most for all emulsions having a volume-weighted diameter of less than 5 µm (indicated by the 
small grey box), whereas the serum volume fraction was at least 9% for all other emulsions 
(indicated by the large white box). These observations indicate that, if flocculation was 
happening, the particle size analysis procedure was appropriate to measure the diameter of 
flocculated particles. 
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Figure 5.7 Relation between creaming stability observed after 8 days and volume-weighted mean 
diameter 1 day after emulsion preparation of 0.4 % w/w whey protein stabilised 20 % 
w/w O/W emulsions at pH 4.0 and 5.5 in the presence of different amounts of low 
methoxyl pectin. Before emulsification, mixtures of whey protein and pectin were either 
untreated or lyophilised and dry heat treated. The small and large dashed rectangles 
represent the regions of large and low creaming stability, respectively. 
 
The evolution of the particle size with time is shown in Table 5.2 for emulsions prepared with 
the combination whey protein-LM pectin. Emulsions prepared at pH 5.5 using untreated or 
dry-heat treated whey protein or a mixture of whey protein and LM pectin at a high protein to 
pectin ratio, are clear examples of flocculated emulsions. Since these flocculated emulsions 
creamed intensively, droplets were forced to be in closer contact, and droplet-droplet 
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interactions could become stronger, leading to an increase of the size of the flocs with time. 
Other emulsions were not flocculated at all, as e.g. in the case of emulsions prepared with 
whey protein – LM pectin conjugates at pH 5.5, and so for these emulsions we were able to 
measure the particle size of individual droplets. In all these cases, no substantial changes in 
size occurred during the first week, from which it may be concluded that not only the 
creaming stability, but also the coalescence stability of the emulsions prepared with whey 
protein – LM pectin conjugates at pH 5.5 was excellent. 
 
5.3.5  Electrophoretic mobility of emulsions 
In order to quantify electrostatic interaction effects, the electrophoretic mobility of the whey 
protein-coated emulsion droplets was determined. The data shown in Figure 5.8 indicate a 
slight shift of the IEP of the protein after dry heat treatment. A similar phenomenon was 
described by Mohammed et al. (2000). This shift of the IEP, from a value of 4.55 to 4.85, 
could suggest that reactions, which eliminate residues possibly carrying a negative charge, 
dominate. This could indicate that the formation of linkages involving carboxyl-groups of 
aspartic or glutamic acid is more important than reactions involving the loss of amine 
functions. Therefore, this shift can not be explained by Maillard reactions (e.g. reaction 
between lysine and some residual lactose). Then, a shift in the opposite pH-direction would 
have been measured. 
According to our opinion, these results could be explained from the results of Wong et al. 
(1996). They showed that the relative adsorption at the interface of the different whey 
proteins depends on the pH-conditions. At pH-values between 3 and 5, α–lactalbumin (with 
an IEP of 4.5-4.8) is relatively more present at the interface than β-lactoglobulin (with an IEP 
of 5.2-5.4) and hence the IEP of the emulsion droplets is more governed by α-lactalbumin. 
After dry heat treatment of the whey proteins, aggregates may be formed with a rather 
proportional composition. Due to adsorption at the interface of these aggregates, the 
interfacial layer may also consist of relatively more β-lactoglobulin. The shift in IEP after dry 
heating may be explained by a decreased enrichment of α-lactalbumin at the interface. 
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Figure 5.8 Electrophoretic mobility of 0.4 % w/w whey protein stabilised 20 % w/w soybean O/W 
emulsions diluted in 20 mM Na-acetate buffer solutions at various pH-values without 
(circles) and in the presence of 0.1 % w/w low (squares) or high (triangles) methoxyl 
pectin. Before emulsification, mixtures of whey protein and pectin were untreated (filled 
symbols) or lyophilised and dry heat treated (open symbols). 
 
In Table 5.2 and Table 5.3 it is observed that the presence of low or high methoxyl pectin, 
either conjugated or not, during emulsification at pH 4.0 shifted the electrophoretic mobility 
to (much more) negative values, which is a clear indication of pectin adsorption at the droplet 
interface. Because of the higher charge density on LM compared to HM pectin, this shift is 
more pronounced in case of emulsions containing the former pectin. However, at pH 5.5, the 
electrophoretic mobility of the whey protein stabilised emulsions became only slightly more 
negatively charged as more non-conjugated pectin was added. This is due to the fact that the 
positive surface charge density due to protonated amino groups (equal to +108 C g-1) is 
overwhelmed by the negative surface charge density of –142 C g-1 due to dissociated carboxyl 
groups. Hence, electrostatic repulsion between the strongly negatively charged pectin and the 
negatively charged protein sites makes adsorption to the positive surface sites rather 
unfavourable at this pH-value. In case of emulsification with whey protein-pectin conjugates 
at pH 5.5, a much more pronounced negative charge on the emulsion droplets was measured. 
From this fact, it can be derived that pectin was effectively adsorbed at the O/W interface at 
pH 5.5 upon conjugation thanks to its covalent bonding to the surface-active protein. Hence, 
protein-polysaccharide conjugation enabled the accumulation of the anionic polysaccharide at 
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the interface at pH conditions above the protein’s iso-electric point. The resulting enhanced 
electrosteric stabilisation of the emulsions, which resulted in a remarkable reduction of the 
particle size (Figure 5.6), is especially important for emulsion stability at pH-values near the 
IEP of the protein. 
 
5.4 Conclusion 
 
Dry heat-induced covalent binding of low methoxyl pectin to whey protein, indicated by 
SDS-PAGE, led to a substantial improvement in the stability of whey protein stabilised 
emulsions at pH 5.5, i.e. near the IEP of β-lactoglobulin, the main whey protein. On the other 
hand, at pH 4.0, decreased protein solubility caused a deterioration of the emulsion stability 
by addition of pectin or the use of protein-pectin conjugates. 
The observed differences in average droplet size and extent of serum separation with time 
could be well explained by protein solubility and electrophoretic mobility measurements. 
Whereas the protein solubility at pH 5.5 was hardly changed by addition of pectin or the use 
of protein-pectin conjugates, at pH 4.0 it was decreased considerably. Electrophoretic 
mobility measurements at pH 5.5 revealed a much more pronounced negative charge on the 
emulsion droplets in the case of protein-pectin conjugates, because the anionic pectin was 
forced to accumulate at the interface by covalent binding to the proteins. The improved 
emulsifying properties of whey protein isolate at pH 5.5 by conjugation with pectin may be 
explained from enhanced electrostatic as well as steric stabilisation. 
Comparing two different commercial pectin samples, it was clearly shown that the dextrose 
content during dry heat treatment of protein-pectin mixtures should be as low as possible 
since protein-sugar conjugates not only resulted in increased brown colour development, but 
also gave raise to a largely decreased protein solubility, which very badly affected the 
emulsifying properties. Hence, thorough knowledge of ingredient composition of commercial 
hydrocolloid samples is required in order to prepare soluble and functional protein-
polysaccharide conjugates. 
As these conjugates were prepared from natural ingredients using a food-grade process, we 
believe they have potential as effective food emulsifiers for mild acidic sports drinks and 
nutritional supplements. Applications under pH conditions around the IEP appear especially 
promising. 
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Chapter 6 
 
Influence of hydrolysed lecithin addition on 
protein adsorption and heat stability of a 
sterilised coffee cream simulant 
 
Abstract 
Within an overall goal to enhance the stability of coffee cream, the influence of hydrolysed 
soybean lecithin addition was investigated. To avoid the seasonal variations in milk 
composition a model system was used containing 5 % w/w soybean oil and 12 % w/w 
skimmed milk powder with and without lecithin addition before a two-step high-pressure 
homogenisation.  
Addition of 20 % w/v caesium chloride enabled a nearly complete recovery of the fat in the 
cream layer upon centrifugation of casein-stabilised emulsions. From the fat and protein 
content of this cream layer, it was concluded that lecithin addition did not significantly affect 
the protein content of the cream layer after emulsion preparation, but significantly reduced the 
additional milk protein adsorption at the O/W interface upon sterilisation. The experimental 
data suggest that the enhanced heat stability of the lecithin-supplemented coffee cream 
simulant may be explained from the fact that hydrolysed lecithin largely reduces attractive 
protein-protein interactions during sterilisation. 
 
 
 
 
 
 
Redrafted after: Van der Meeren, P., El-Bakry, M., Neirynck, N. & Noppe, P. (2005). 
Influence of hydrolysed lecithin addition on protein adsorption and heat stability of a 
sterilised coffee cream simulant, International Dairy Journal, 15, 1235-1243 
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6.1 Introduction 
 
Milk is a naturally occurring O/W emulsion, which forms the basis of numerous food 
products, such as yoghurt or coffee cream. In raw milk, the milk fat globule membrane 
(MFGM) prevents coagulation and flocculation. However, the creaming stability is low due to 
the large droplet dimensions. In order to overcome this problem, milk or milk-based 
emulsions are subjected to high-pressure homogenisation. During this treatment, the O/W 
interfacial layer becomes largely composed of caseins, either as semi-intact micelles or as 
micellar fragments (Oortwijn & Walstra, 1979; Walstra & Oortwijn, 1982; Sharma & 
Dalgleish, 1993). Although this layer is effective to prevent coalescence of the droplets, it can 
lead to protein coagulation during heat sterilisation (Fox & Morrissey, 1977; Jeurnink & De 
Kruif, 1993). According to several authors, lecithin addition enhances the heat-stability of 
whey-protein stabilised O/W emulsions (Dickinson & Yamamoto, 1996; Euston et al., 2001; 
Suender et al., 2001), hydrolysed whey-protein stabilised emulsions (Agboola et al., 1998; 
Scherze & Muschiolik, 2001; Tirok et al., 2001), casein or caseinate-stabilised O/W 
emulsions (Fang & Dalgleish, 1996), recombined milk (McCrae & Muir, 1992; McCrae, 
1999), as well as concentrated milk (Hardy et al., 1985). Based on particle size analysis and 
heat stability measurements, Suender et al. (2001), as well as McCrae (1999) found 
hydrolysed lecithins to be most effective. However, the stabilisation mechanism is still a 
matter of debate. Thus, Agboola et al. (1998) and McCrae (1999) mention that phospholipids 
may either displace proteins from the interface or can interact with the proteins either in 
solution or on the surface.  
 
In the present study the effect of hydrolysed lecithin addition on the behaviour of a coffee 
cream-like emulsion before and after sterilisation was investigated. To avoid the natural 
variability in milk composition, a recombined formulation based on a mixture of a vegetable 
oil and low-heat skimmed milk powder was preferred. The fat to protein ratio was selected to 
be the same as in coffee cream. The effect of lecithin was checked directly after preparation as 
well as after sterilisation. To this end, the particle size was measured and a procedure was 
developed to determine the protein surface load of the emulsion droplets. The results of these 
experiments enabled to explain the observed heat-stability effect. 
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6.2 Materials and Methods 
 
6.2.1 Ingredients 
Low-heat skimmed milk powder (SMP) was obtained from Friesland Coberco Dairy Foods 
(Bornem, Belgium). According to the manufacturer, the SMP sample contained 50 % w/w 
lactose, 35 % w/w protein, 1 % w/w fat, 0.25 % w/w phospholipids, and 4 % w/w of water. 
BiPro, a minimally heat-treated whey protein isolate (WPI) was obtained from Davisco Foods 
International, Inc. (Le Sueur, MN, USA); Kjeldahl analysis revealed that this product 
contained 92.6% of protein, whereas polyacrylamide gel electrophoresis (PAGE) indicated 
that approximately 85% of the total protein consisted of beta-lactoglobulin. Refined soybean 
oil as well as hydrolysed soybean lecithin (Vamothin LH) originated from Cargill (Izegem, 
Belgium). The latter lecithin fraction resulted from phospholipase A2 treatment of crude 
soybean lecithin. According to the manufacturer, the hydrolysed lecithin contains 38 % w/w 
of phospholipids, 7 % w/w of glycolipids, 7 % w/w of carbohydrates and 48 % w/w of neutral 
lipids and free fatty acids. In all experiments double distilled water was used. 
 
6.2.2 Emulsion preparation 
The emulsions were prepared in batches of 3 kg. Depending on the emulsion composition, 
0.00, 2.25 or 9.00 g of Vamothin LH was hydrated overnight in a 0.02% NaN3 solution in 
water. The latter component was added to prevent microbial growth in non-sterilised samples. 
Subsequently, 356 g SMP (11.875 % w/w) was added and the mixture was shaken for 1 hour 
to obtain a homogenous suspension. Following 150 g (5 % w/w) soybean oil addition, a pre-
emulsion was prepared by Ultra-Turrax (Janke & Kunkel, Germany). 
Emulsification was accomplished in a 2-stage pilot-scale homogeniser (Gaulin Rannie, 
Invensys APV, Aartselaar, Belgium) during a recirculation time of 8 minutes at 45 °C and at 
225 and 25 bar, respectively. Samples were transferred to 250 mL glass flasks, which were 
manually closed using crown-caps before sterilisation. Sterilisation was accomplished in a 
hydrostatic vertical steriliser (Tetra Pak, Lund, Sweden). The total duration of the sterilisation 
treatment was 45 minutes; over 12 minutes the maximum temperature of 119 °C was 
maintained. 
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6.2.3 Determination of emulsion composition 
In order to enable the determination of the compositions of the dispersed and continuous 
phases, creaming was induced in a Sorvall RC-5B refrigerated superspeed centrifuge (Du 
Pont Instruments, Wilmington, DE, USA) with Sorvall rotor, type HB-4. Unless stated 
otherwise, caesium chloride (CsCl) was added to the emulsions before centrifugation up to 20 
% (w/v) to increase the density of the continuous phase. In order to confirm that the effect of 
the added CsCl was indeed due to the increased density and not due to the increased ionic 
strength, sucrose was added as an alternative density-increasing agent in one experiment. In 
this case, 10% (w/v) sucrose was added to the emulsion instead of 20% (w/v) CsCl. 
The total centrifugation treatment was performed in one single run, consisting of 90 minutes 
centrifugation at 20 °C and 16000 g, immediately followed by 10 minutes centrifugation at 0 
°C and 640 g. The last step was incorporated in order to obtain a harder, more easily 
recoverable cream layer. Since Segall and Goff (1999a) demonstrated that the protein surface 
concentration of emulsions was not affected by centrifugation speed, time or temperature, 
provided that fat crystallisation was prevented, the experimental conditions chosen were 
supposed to be appropriate to reliably estimate the surface protein load of the soybean oil 
emulsions. 
The protein content of the cream layer was determined using the Kjeldahl method, assuming a 
conversion factor of 6.37, whereas its water content was obtained from the mass before and 
after lyophilisation using a Heto FD3 freeze-dryer (Heto-Holten, Allerod, Denmark). The fat 
content of the serum phase and of the sediment was determined gravimetrically following 
extraction by a 2/1 (v/v) mixture of chloroform and methanol (Folch et al., 1957). To this end, 
the samples were mixed with 20 mL chloroform and 10 mL methanol in 50 mL centrifuge 
tubes. After vigorous shaking, the tubes were centrifuged at 7000 g for 5 minutes in a Heraeus 
Labofuge GL (Kendro Laboratory Products, Asheville, USA). After removal of the clear 
chloroform layer, a second extraction was performed on the remaining aqueous phase. The 
combined chloroform fractions of the two extractions were first evaporated in a rotavapor 
(Laborota 4000, Heidolph, Schwabach, Germany) and subsequently dried in an oven at 105 
°C for 1 hour. After cooling, the mass of the extracted fat was determined.  
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6.2.4 Particle sizing of emulsions 
Laser diffraction was performed as described in section 2.2.3. In contrary, as proposed by 
Singh et al. (2003), for this research part the values of the refractive index of the particles and 
of the continuous phase were assumed to be 1.4564 and 1.33, respectively. This corresponds 
to presentation 3NAD in the Mastersizer software. Data-analysis was performed using the 
polydisperse option. 
Photon correlation spectroscopy (PCS) measurements were performed on 900 times diluted 
samples with a Spectrometer 100 SM (Malvern Instruments, Malvern, UK) at a temperature 
of 25 °C. A scattering angle of 60° was selected to make the measurements more sensitive 
towards larger particles. Data-processing was carried out by a Malvern K7032 multi 8-bit 
correlator. The harmonic intensity-weighed average hydrodynamic diameter of the emulsion 
droplets was derived from cumulant analysis by the Automeasure software (Malvern 
Instruments).  
 
6.2.5 Heat coagulation time (HCT) 
The heat stability was determined in a Klaro-graph (De Wit, Klarenbeek & de Graaf, 1986) in 
an oil bath at 120 °C as a function of pH by addition of either 0.1 N HCl or 1.0 N NaOH. For 
every sample of 40 g, 1.4 gram of a mixture of HCl or NaOH and water was added. Hence, all 
samples had the same concentration. After pH adjustment, an equilibration period of 2 hours 
was included before analysis. If coagulation did not occur within 125 minutes of heating, the 
experiment was stopped. 
 
6.2.6 Differential scanning calorimetry (DSC) 
DSC is the technique in which the difference in energy input into a substance and a reference 
material is measured as a function of temperature while the substance and the reference 
material are subjected to a controlled temperature program. DSC-experiments were carried 
out on an M-DSC Q1000 V7.3 from TA-Instruments (New Castle, Delaware, USA). 
Instrument control, data acquisition, and data processing were performed by the Instrument 
Control and the Thermal Analysis software (Version V3.8B) provided by TA-Instruments. 
About 15 mg of a sample and reference (distilled water) were hermetically sealed in polymer 
coated aluminium pans. A 10% w/w aqueous solution of the WPI containing 0.02% NaN3 was 
studied as such or after mixing in a 8 on 3 volume ratio (WPI on lecithin) with a 10% w/w 
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hydrolysed lecithin aqueous dispersion containing also 0.02% NaN3. The temperature 
program consisted of equilibration at 25 °C followed by a ramp procedure applying a heating 
rate of 4 °C min-1 from 25 °C up to 97 °C. The peak (or denaturation) temperature (°C) and 
the transition enthalpy (J g protein-1) were calculated by constructing a linear base-line 
between peak start and peak end. All curve offsets were manually set to a heat flow of about 0 
W g-1.The analyses were carried out in duplicate. 
 
6.2.7 Statistical analysis 
Statistical analysis was performed using the statistical package SPSS, version 11.0. In order to 
visualise the results of multiple experiments, box-and-whisker plots were used. The box itself 
represents the interquartile range, which contains 50% of the values, whereas the line inside 
the box indicates the median value. The whiskers extend from the box to the highest and 
lowest values, excluding outliers. If present, outliers are indicated as individual points. 
Underneath every box, the number of measurements (n) is included. 
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6.3 Results and discussion 
 
6.3.1 Emulsion composition 
Table 6.1 summarises the calculated lipid, protein and phospholipid composition of the 
different emulsions, based on the composition of the individual ingredients as provided by the 
manufacturers. As an example, triglycerides, free fatty acids and glycolipids do not only 
originate from the soybean oil, but also from the SMP, containing 1 % of fat, and the lecithin, 
containing 48 % of neutral lipids and free fatty acids as well as about 7 % of glycolipids. 
Similarly, the phospholipids mainly originated from the lecithin, but also partly from the 
SMP, which contained 0.25 % of phospholipids. 
 
Table 6.1 Calculated composition of emulsions containing 5 % w/w soybean oil, 11.875 % w/w 
skimmed milk powder and 0.00, 0.075 or 0.30 % w/w hydrolysed lecithin, respectively 
Hydrolysed lecithin content (% w/w)  
0.00 % 0.075 % 0.30 % 
Neutral lipids, free fatty acids + glycolipids 5.12 5.16 5.28 
Milk proteins 4.16 4.16 4.16 
Phospholipids 0.03 0.06 0.15 
Water-soluble compounds 7.10 7.10 7.11 
Water 83.60 83.53 83.30 
 
 
6.3.2. Determination of protein adsorption in casein-stabilised emulsions 
6.3.2.1 Oil recovery in the cream layer 
The accumulation of an emulsifier at the oil-water interface is generally deduced from its 
residual concentration in the continuous phase. The latter is typically obtained by 
centrifugation. However, for homogenised as well as recombined milk this procedure is 
troublesome because of the accumulation of casein micelles at the emulsion droplet surface. 
As the density of proteins is larger than the density of water, it follows that the average 
density of protein-stabilised emulsion droplets increases as the amount of protein adsorption 
increases. Based on a density of 1400 kg m-3 (Quillin & Matthews, 2000) and 927 kg m-3 
(Lide, 1992) for protein and soybean oil, respectively, it follows that the density of protein-
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stabilised emulsion droplets will be the same as the density of water (1000 kg m-3) if 27.6 g of 
protein is adsorbed per 100 g of soybean oil. Assuming an average protein load of about 20 
mg m-2 as described by Oortwijn & Walstra (1979) for homogenised milk, oil droplets of 470 
nm diameter will have the same density as water and hence cannot be removed by 
centrifugation, whereas smaller droplets will be sedimenting rather than creaming. These 
theoretical considerations are fully supported by the experimental observations of Dalgleish 
and Robson (1985). They found that only 44 % of the fat of homogenised milk was recovered 
in the cream layer, whereas 36 % was found in a precipitate layer after centrifugation. The 
cream layer was characterised by droplets with a diameter larger than 500 nm, and a high fat 
to protein ratio, whereas the precipitate layer contained particles smaller than 500 nm with a 
rather low fat to protein ratio. Thus, homogenised milk droplets may either cream or sediment 
during centrifugation, whereas an intermediate fraction remains buoyant. 
 
6.3.2.2 Effect of density-increasing agents 
Figure 6.1 clearly indicates that centrifugation of the emulsions without density-increasing 
agents did not allow a complete recovery of the oil in the cream layer. About 24 % of the oil 
remained in the serum phase, whereas 7 % was recovered in the sediment. As discussed 
above, the latter fraction may be ascribed to small emulsion droplets whose density is higher 
than of the continuous phase. For the sake of completeness, it has to be mentioned that the oil 
content of the precipitate might be underestimated due to incomplete phase separation upon 
extraction with chloroform-methanol: due to the very large protein content of the precipitate, 
a pronounced intermediate protein-rich phase (most probably containing emulsified or 
protein-bound triglycerides) was obtained between the clear chloroform bottom phase and the 
upper aqueous phase. In order to improve the oil recovery in the cream, it was tried to 
increase the density of the continuous phase. To this end, the use of caesium chloride (CsCl) 
has been suggested because of its high density of 3998 kg m-3, as well as its high solubility in 
water (1.62 kg L-1 at 0.7 °C) (Reich & Zarybnicky, 1979). In order to check whether the 
pronounced amount of CsCl did not affect the casein micellar structure, 20 % w/v of CsCl 
was added to a 11.875 % dispersion of skimmed milk powder in 0.02% NaN3. The particle 
size of the CsCl-containing casein micellar dispersion 2, 10 and 100 minutes after CsCl 
addition is compared to the particle size in the absence of CsCl in Table 6.2. Results obtained 
at a scattering angle of either 60 or 150 degrees indicate that the size of the casein micelles 
did not change during the first 100 minutes after CsCl-addition. 
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Figure 6.1 Distribution of fat and protein over the cream layer (grey), the serum layer (white) and 
the precipitate layer (black) of emulsions containing 5 % w/w soybean oil, 11.875 % w/w 
SMP and 0.075 % w/w hydrolysed lecithin following 90 minutes of centrifugation at 
16000 g at 20 °C and 10 minutes at 640 g at 0 °C both in the absence of density-increasing 
agents, and upon addition of either 10 % w/v sucrose or 20 % w/v of CsCl. The values 
represent the percentage based on the total amount of either fat or protein present in the 
emulsions. 
 
As an alternative, addition of 10 % w/v of sucrose was studied. Whereas sucrose has the 
advantage that it does not change the ionic strength, it has the disadvantage that it is much less 
effective to increase the density of the continuous phase. From experimental mass and volume 
determinations in the absence and presence of the density-increasing agents, it was calculated 
that the densities were about 1030, 1070 and 1190 kg m-3 for the blank emulsion and the 
emulsions containing 10 % sucrose and 20 % CsCl, respectively. The pronounced effect of 
changing the density was clearly reflected in the fact that the mass of the wet cream layer was 
6.23, 7.25 and 11.72 % of the total mass of the emulsions, whereas the mass of the wet 
precipitate layer was 9.20, 6.56 and 2.71 % of the total mass for the blank emulsion and the 
emulsions containing 10 % sucrose and 20 % CsCl, respectively. The fat content of the cream 
layer was obtained by subtracting the experimentally determined protein and water content as  
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Table 6.2 Effect of 20 % w/v caesium chloride addition on the hydrodynamic diameter of a 
dispersion of 11.875 % w/w skimmed milk powder in 0.02 % NaN3, determined by 
photon correlation spectroscopy at a scattering angle of 60° and 150°, respectively. The 
data are represented as the average diameter ± standard deviation (n=3). 
 
Hydrodynamic diameter (nm) Time after CsCl addition 
(min) Scattering angle = 60° Scattering angle = 150 ° 
0* 244.0 ± 1.1 187.3 ± 3.7 
2 244.7 ± 1.4 190.0 ± 0.9 
10 247.7 ± 1.9 192.6 ± 2.4 
100 242.3 ± 0.5 189.1 ± 3.0 
 
* results obtained in the absence of caesium chloride 
 
well as the calculated amount of water-soluble components in the interstitial water from the 
wet mass of the cream layer. The amount of water-soluble components in the interstitial 
volume of either the cream or the sediment layer was obtained by multiplying the water 
content by the concentration of water-soluble components in the water phase, expressed per 
unit volume of water. As can be seen in Table 6.1, this quantity was 7.1 g per 83.6 g of water 
(i.e. 85 mg g-1) for the emulsion without lecithin in the absence of density-increasing agents. 
Upon sucrose or CsCl addition, the concentration of water-soluble components was increased 
to 209 or 325 mg g-1 of water, respectively. The calculated fat content of the (wet) cream layer 
was 41.4, 39.7 and 32.4 % w/w for the blank emulsion and for the emulsions containing 10 % 
sucrose and 20 % CsCl, respectively. Combining the wet mass and the fat content, it follows 
that addition of 10 % sucrose as density-increasing agent enabled to increase the fat recovery 
in the cream layer from 50 to 61 %, whereas the recovery increased up to 89 % upon addition 
of 20 % CsCl, with hardly any fat remaining in the sediment in the last case. As a further 
consequence, 20 % of CsCl was added directly before centrifugation in the experiments 
described in Section 6.3.4. 
 
6.3.2.3 Protein distribution  
The protein content of the (wet) cream layer, as obtained by Kjeldahl analysis, was 8.43, 9.34 
and 10.97 % w/w for the blank emulsion and for the emulsions containing 10 % sucrose and 
20 % CsCl, respectively. Combining the protein content and the fat content, the protein to fat 
ratio was 0.20, 0.24 and 0.34 gram protein per gram fat for the blank emulsion and for the 
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emulsions containing 10 % sucrose and 20 % CsCl, respectively. This observation is 
completely in line with the hypothesis that the cream layer in the absence of density-
increasing agents mainly contained the largest droplets with the smallest protein to oil ratio 
(and hence the smallest density), whereas sugar or CsCl addition enabled to recover smaller 
droplets with relatively higher protein content. The combined wet mass and protein content 
data reveal that 13, 18 and 37 % of the protein content of the emulsion was recovered in the 
cream for the blank emulsion and for the emulsions containing 10 % sucrose and 20 % CsCl, 
respectively.  
As the protein content of the sediment was obtained by subtraction of the experimentally 
determined amount of water and fat as well as the calculated amount of water-soluble 
components in the interstitial water from the wet mass of the sediment, its value might be 
overestimated as a direct consequence of the underestimated fat content. The protein content 
of the serum phase was estimated by subtracting the protein content of the cream and of the 
sediment layer from the protein content of the emulsion; the latter was derived from the 
emulsion composition data in Table 6.1. 
 
6.3.3 Particle size of the homogenised and sterilised emulsions 
6.3.3.1 Hydrolysed lecithin effect 
The particle size distribution of the different emulsions was measured both before and after 
sterilisation. The harmonic intensity-weighed average diameters obtained from PCS one week 
after preparation are summarised in Figure 6.2. These data clearly indicate that lecithin 
addition gave rise to a lower hydrodynamic particle size. Suender et al. (2001) described a 
similar observation. This may be because small molecular weight emulsifiers are known to be 
more surface-active. As they reduce the dynamic interfacial tension during emulsification to a 
higher extent, they may facilitate shear-induced droplet deformation and hence result in a 
smaller droplet size. An alternative explanation might be that phospholipid competition 
results in less protein adsorption and hence in a thinner adsorbed layer. Comparing the 2 
applied lecithin doses, the results were not significantly different. Hence, a small amount of 
lecithin is sufficient to be effective. Particle size analysis was also performed 1 day, as well as 
4 weeks after preparation. However, no significant differences could be observed as a 
function of storage time. 
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Figure 6.2 Boxplot of the harmonic intensity-weighed average particle diameter derived from 
photon correlation spectroscopy as a function of the amount of added lecithin both before 
(white boxes) and after (shaded boxes) sterilisation; n denotes the number of individual 
measurements within each individual box.  
 
6.3.3.2 Sterilisation effect   
Figure 6.2 clearly shows that sterilisation gave rise to an increase in hydrodynamic diameter 
of about 40 nm. As the pH of the sterilised emulsions was about 6.38, our observation is 
completely in line with the experimental observation by Anema & Li (2003) that the casein 
micellar hydrodynamic diameter for skimmed milk samples increased by about 8, 19 and 32 
nm when heated at 90 °C for 30 minutes at pH 6.70, 6.60 and 6.50, respectively. This increase 
could be ascribed to heat-induced coagulation. Alternatively, the increased hydrodynamic 
diameter could be due to extra protein adsorption. Thus, Corredig and Dalgleish (1996; 1999) 
described the deposition of heat-denatured whey proteins to the casein micelles in heated milk 
as well as to the MFGM in raw milk, whereas Sharma and Dalgleish (1993) observed whey 
protein deposition onto homogenised milk droplets. According to the latter authors, 0.56-0.69 
mg m-2 β-lactoglobulin was deposited onto fat globule membranes in homogenised milk after 
2 minutes of heating at 90 °C.  
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On the other hand, the Sauter mean diameters of all emulsions, determined by static laser light 
scattering, were located in the range from 0.31 to 0.33 µm with no significant effect of 
sterilisation (data not shown). This observation seemed to indicate that the observed increase 
in hydrodynamic diameter upon sterilisation (from PCS) was most probably mainly due to an 
increased thickness of the interfacial protein layer. As the latter is highly hydrated and 
extended, it follows that it will have a significant effect on the Brownian motion, whereas it 
will have hardly any effect on the angular light scattering pattern due to its low refractive 
index. However, the inferior sensitivity of forward laser light scattering as compared to PCS 
for submicron emulsions might provide an alternative explanation for the lack of significant 
differences in the static laser light scattering results. 
 
6.3.4 Surface load of homogenised and sterilised emulsions 
In order to enable the calculation of the surface load of the emulsions, the water content as 
well as the protein content of the cream layers obtained by centrifugation of the emulsions 
after addition of 20 % w/v CsCl were determined. The water content of the unsterilised 
emulsions ranged from 39.0 to 40.6 %, whereas it ranged from 39.6 to 42.1 % for the 
corresponding sterilised emulsions, with no clear effect of the added lecithin content. As no 
systematic effects of sterilisation or lecithin content could be observed, the water content of 
all cream layers was taken as 40 +/- 1 % w/w in all subsequent calculations. 
 
6.3.4.1 Hydrolysed lecithin effect 
Figure 6.3 indicates that lecithin addition did not have a significant effect on the protein 
content of the centrifuged cream layer (Xp) before sterilisation. Combining this information 
with the mean particle diameter (D) as determined by dynamic light scattering (401, 367 and 
360 nm for the emulsions containing 0.0, 0.075 and 0.3 % added lecithin, resp.), the protein 
surface load (Γ, in kg protein m-2) of the oil droplets may be estimated from equation 1. 
Γ = P/(1-P)/S’                (eq. 1) 
In equation 1, P represents the ratio of the mass of protein to the combined mass of oil and 
protein in the cream layer, whereas S’ represents the mass-specific surface area (in m2 kg-1 
oil). The latter may be derived from the particle diameter (D) and the density (δoil) of the oil 
phase (927 kg m-3) using equation 2. 
S’ = (6/D)/δoil               (eq. 2) 
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Figure 6.3 Boxplot of the protein content based on dry matter (DM) of the cream layer obtained 
after centrifugation 1 week after emulsion preparation as a function of the amount of 
added hydrolysed lecithin both before (white boxes) and after (shaded boxes) 
sterilisation; n denotes the number of individual measurements within each individual 
box. 
 
Keeping account of the fact that the cream layers contain 40 +/- 1 % w/w of water and that the 
aqueous phase contains 325 mg of water-soluble compounds per gram of water, it follows that 
the combined mass of oil and protein in the cream layer corresponds to the mass of the dry 
matter multiplied by a ratio of 47/60. As a consequence, P corresponds to the protein content 
of the cream layer dry matter (Xp) multiplied by 60/47 and hence the average value of the 
surface load (Γav) follows from the average values of the protein content (Xp,av) of the dried 
cream layers and the average diameter (Dav) according to equation 3. 
oil
av
av,p
av,p
av 6
D
X
47
601
X
47
60
δ××
×−
×
=Γ               (eq. 3) 
According to the Delta-method, the variance of the average surface load (Var(Γav)), follows 
from the variances of the average protein content and diameter, as well as from the partial 
derivatives from equation 3 towards Xp and D, evaluated at their respective average values. 
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Applying equations (3) and (4) to the experimental data, the estimated protein surface load 
was 18.8 +/- 0.4, 17.6 +/- 0.4 and 16.4 +/- 0.4 mg protein per m2 of oil/water interface for the 
emulsions containing 0.00, 0.075 and 0.30 % w/w hydrolysed lecithin, respectively. These 
values correspond well to the value of 6 to 14 mg m-2 reported by Haque et al. (1988) and 20 
mg m-2 as reported by Oortwijn & Walstra (1979) and are much larger than the protein 
surface load in whey protein or sodium caseinate stabilised emulsions. In the latter case, the 
protein surface load is typically only 1 to 3 mg m-2. The calculated values of the surface load 
suggest that the constant protein content (Figure 6.3) and decreased droplet size in the 
presence of lecithin (Figure 6.2) before sterilisation are related to the fact that the hydrolysed 
lecithin not only induced a roughly 10 % smaller droplet size, but also a roughly 10 % smaller 
protein surface load. Hence, the surface-active behaviour of the lecithin not only improves 
emulsification, but also reduces protein adsorption at the O/W interface. In addition, the 
protein content did not significantly change over a period of 4 weeks following preparation. 
Hence, during storage no protein displacement occurred. 
 
6.3.4.2 Sterilisation effect 
Figure 6.3 indicates that the amount of protein in the dry matter of the cream layer obtained 
by centrifugation of the emulsions was significantly higher after sterilisation. On the other 
hand, lecithin addition reduced this effect. This observation is in line with the results of 
Cruijssen (1996). He found a doubling of the protein surface load of caseinate-stabilised O/W 
emulsions upon sterilisation in the absence of lecithin, whereas no significant increase was 
found upon crude soybean lecithin addition. Similarly to what was observed in the PCS 
results, no significant differences existed in protein content between 0.075 and 0.30 % lecithin 
addition. From the protein content data, it was calculated that the protein surface load 
increased up to 20.3 +/- 0.3 and 19.4 +/- 0.2 mg m-2 upon sterilisation in the presence of 0.075 
and 0.30 % w/w hydrolysed lecithin, respectively, whereas it increased up to 25.2 +/- 0.4 mg 
m-2 without hydrolysed lecithin addition.  
From the above calculations, it follows that the surface load was increased by about 6 mg of 
protein m-2 during sterilisation of the emulsions without added lecithin. In this context, 
Anema and Li (2003) mention that it is impossible to judge to what extent this extra amount 
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of protein is responsible for the increased particle size (Figure 6.2) since detailed knowledge 
about the structure of this deposited protein layer is still lacking.  
 
6.3.5 Heat coagulation time 
The heat coagulation time (HCT) represents the heating time required to induce a pronounced 
increase in viscosity of milk samples and as such is a quantitative measure of the sensitivity of 
the emulsion towards heat-induced coagulation. HCT-determinations were carried out on 
sterilised emulsions with and without 0.3% hydrolysed lecithin at pH values both below and 
above the original pH 6.38 of the emulsions for a maximum of 125 minutes. From Table 6.3 it 
follows that lecithin addition shifted the HCT upward by about 30 to 40 minutes.  
 
Table 6.3 Effect of pH on heat coagulation time (HCT) of a sterilised 5 % w/w soybean O/W 
emulsion with 11.875 % w/w skimmed milk powder containing either 0.00 % or 0.30 % 
w/w hydrolysed lecithin. 
HCT (min) 
pH 
0.00 % lecithin 0.30 % lecithin 
6.18 17 50 
6.28 47 93 
6.38 95 123 
6.58 >125 >125 
6.78 >125 >125 
 
Hence, lecithin addition made the emulsions less susceptible to heat-induced destabilisation. 
This finding is in agreement with previous findings of Hardy et al. (1985), who observed that 
the HCT of homogenised evaporated milk was shifted upward by about 30 minutes by 
addition of 0.2% w/w lecithin. Increased stability towards both heat-induced and chemical 
denaturation has been described for different surfactant systems. Thus, β-lactoglobulin has 
been found to become more stable against both heat-induced denaturation (Puyol et al., 1994) 
and urea denaturation (Narayan & Berliner, 1997) by binding with palmitic acid in a 1/1 
molar ratio. Similarly, Kristensen et al. (1997) concluded from DSC experiments that the 
interaction between phospholipids and β-lactoglobulin lead to a stabilisation of the protein 
against thermally induced unfolding. The effect was found to be dependent on the type of 
phospholipid polar head group as well as on the fatty acid composition. Recently, Kern et al. 
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(2001) found that hydrolysed phospholipids not only prevent the heat-induced aggregation of 
citrate synthase, but also promote the functional folding of citrate synthase and α-glucosidase 
after urea denaturation. From all these observations, the hydrolysed lecithin effect is thought 
to result from binding of lecithin to whey proteins, which reduces their tendency to 
denaturation and/or binding to casein micelles, either bound or free. The stabilisation of the 
whey proteins in the serum phase may be explained from the increased surface hydrophilicity 
of the protein by association with small molecular weight surfactants, as observed by 
Belyakova et al. (1999). In order to check this hypothesis, the denaturation thermodynamics 
of a 10% w/w WPI solution were compared to the behaviour of an 8/3 v/v mixture of this 
protein solution with a 10% w/w hydrolysed lecithin dispersion. This mixing ratio was chosen 
to resemble the whey protein to lecithin ratio in the emulsion containing 0.3% hydrolysed 
lecithin. Figure 6.4 clearly shows that lecithin addition shifted the denaturation temperature of 
the whey proteins (76.40 ± 0.01 °C) upward by about 5 °C (up to 81.12 ± 0.36 °C). 
 
Figure 6.4 Influence of the addition of a 10 % w/w hydrolysed soybean lecithin dispersion to a 10 % w/w 
WPI solution on the thermal transition peak as measured by DSC. The repeated thermograms 
of the WPI solution in the absence of lecithin are represented by the two solid lines, whereas 
the repeated thermograms of the 8/3 volumetric mixture of WPI and hydrolysed lecithin are 
represented by the short-dashed lines. 
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These data appear to provide a strong indication that added hydrolysed lecithin can enhance 
the heat-stability of whey proteins and thereby inhibit heat denaturation and aggregation. As 
Corredig & Dalgleish (1999) postulate that soluble aggregates of whey proteins act as 
intermediates in the heat-induced association of whey proteins with casein micelles, it follows 
that the inhibition of whey protein association in its turn will lead to an increased heat-
stability of the milk-protein stabilised emulsions. 
 
 
6.4 Conclusion 
 
CsCl addition enabled a high recovery of the dispersed phase in the cream layer after 
centrifugation. Fat and protein analysis in the cream layer indicated that sterilisation gave rise 
to a significant increase in protein load. Lecithin addition made this effect less pronounced. 
Combining this information with particle size analysis results obtained by photon correlation 
spectroscopy revealed that hydrolysed lecithin addition decreased both the droplet size and 
the protein surface load.  
Both the HCT-data of protein-stabilised emulsions and DSC-results obtained on whey protein 
isolate provided evidence for the hypothesis that lecithin prevents heat induced protein-
protein interactions and hence increases the heat stability of dairy emulsions.  
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Chapter 7 
 
Summary, discussion and perspectives 
 
Milk is a rich source of surface-active ingredients with excellent O/W stabilising properties. 
Both whey protein isolate and sodium caseinate strongly decrease the effective coalescence 
frequency between protein-coated oil droplets in an aqueous phase by a combination of 
interdroplet repulsive interactions of both electrostatic and steric nature. Casein micelles, on 
the other hand, impart an emulsion-stabilising effect by a pickering mechanism, the casein 
micelles themselves also being electrosterically stabilised by the κ-casein accumulated at its 
interface.  
Despite of the good stabilising properties of these protein sources, still dairy protein stabilised 
emulsions may have some undesirable properties. Thus, due to the limited water-binding 
properties of proteins (as compared to polysaccharides), dilute to moderately-concentrated 
protein-stabilised emulsions are generally characterised by a low viscosity, which in turn may 
lead to creaming sensitivity. In addition, the hydrophilicity and hence the steric stabilising 
properties are badly affected by changing environmental conditions, such as a pH-shift 
towards the protein’s iso-electric point or heat-induced protein denaturation. Hence, the 
colloid chemical stability may be lost in the weak acidic region at about pH 4 to 5 where most 
dairy proteins become weakly charged, as well as upon intensive heating. This work has 
focused on finding ways to overcome the above-mentioned limitations of dairy proteins as 
O/W emulsion stabilisers.  
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7.1 Summary: Major Research Findings 
The most important research findings of this work are summarised below, in order to facilitate 
the overall discussion. Moreover, a schematic overview of the research topics and findings is 
shown in Figure 7.1. 
 
In chapter 2, the effect of both formulation (protein source, protein concentration) and 
processing (homogenisation) parameters on the characteristics of a 20% O/W emulsion was 
evaluated at pH 4.0 and 6.5 for whey protein isolate and sodium caseinate, respectively. Both 
the smaller particle size and the lower percentage of residual protein in the serum phase 
indicated that sodium caseinate was more surface active than whey protein isolate. The 
protein surface load of all emulsions in the two three level experimental designs ranged from 
2.5 to 4.1 mg/m2 with only a weak effect of protein type, concentration and homogenisation 
pressure. At the lowest sodium caseinate concentration (0.15%), pronounced serum separation 
occured. In line with what has been described in literature, no depletion flocculation was 
observed at the highest caseinate concentrations (0.35%). Based on particle size analysis, 
residual serum protein concentration, as well as serum separation evaluation, it was concluded 
that either 0.25% of sodium caseinate or 0.50% of whey protein isolate at a homogenisation 
pressure of 200 bar not only yielded stable emulsions, but also limited the amount of 
unadsorbed protein in the continuous phase. 
Following this preliminary formulation sensitivity research part, the effect of added thickeners 
was investigated in chapter 3. The latter are typically uncharged polysaccharides. Whereas 
guar gum was selected as representative component, for confirmation some experiments with 
the more viscous locust bean gum were performed as well. In aqueous mixtures of sodium 
caseinate and guar gum, limited compatibility gave rise to segregative phase separation in 
solutions containing at least 0.04% of the polysaccharide and 1.6% of the protein. In sodium 
caseinate stabilised emulsions, this limited compatibility induced the formation of a guar gum 
depleted zone upon close approach of two protein stabilised droplets, which in turn promoted 
depletion flocculation. Particle size analysis proved that this flocculation mechanism 
produced weak flocs that were broken down upon shearing, as induced by stirring or 
pumping. At low guar gum concentrations (i.e. 0.1 or 0.2%) a fast serum separation was 
observed in 25% O/W emulsions. Hereby, higher polysaccharide concentrations increased the 
delay time before serum separation could effectively be observed. 
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Figure 7.1 Schematic overview of the main research topics and findings of this dissertation 
 
 
Chapter 7 
 - 120 - 
This macroscopic demixing could be reduced by formation of a sufficiently strong three-
dimensional network, which could be realised by either increasing the oil content or the guar 
gum concentration. Using sufficiently high concentrations (i.e. at least 1%) of guar gum, 
phase separation due to flocculation around the proteins’s iso-electric point could be 
effectively prevented. Increasing the ionic strength further retarded or even avoided a collapse 
of the formed network. Hence, the macroscopic behaviour is a complex interplay of 
electrostatic and depletion interactions on the one hand, and bulk viscosity effects on the other 
hand. Hereby, the combined flocculation due to depletion and lack of electrosteric 
stabilisation may induce a sufficiently strong three-dimensional network that can withstand 
the gravity effect. 
The beneficial effect of adding polyelectrolytes to overcome stability problems around the 
iso-electric point of colloidal particles is already known for about a century. Thus, additives 
were characterised by their so-called (Zsigmondy) gold number, i.e. the number of milligrams 
of protective hydrocolloid necessary to prevent 10 milliliters of gold sol from coagulating (as 
visually observed by a shift in color from red to blue) when 0.5 milliliter of 10% sodium 
chloride solution is added. In dairy systems, the κ-carrageenan-casein interaction is a well 
known example. In chapter 4, (non-amidated high methoxyl sugar beet) pectin was selected 
as model polysaccharide to study electrostatic interactions. Two pH conditions, one slightly 
above and one slightly below the major whey protein’s IEP, were investigated. At pH 4.0, the 
strong electrostatic interaction between the net cationic protein molecules and anionic 
polysaccharide molecules induced insoluble complexes with a protein to pectin ratio of about 
4 at protein to pectin ratios ranging from 5 to 0.5. At pH 5.5, on the other hand, the protein 
solubility was independent from the pectin concentration. The solubility data had a large 
impact on the emulsifying properties. Thus, large emulsion droplets were obtained at low 
concentrations of dissolved protein, as obtained at low pH (i.e. pH 4.0) and high protein to 
pectin ratio (i.e. 5 times more protein than pectin). Combined determination of the total 
carbon and total nitrogen content of the supernatant allowed an estimation of the surface load. 
At pH conditions above the proteins’ IEP, pectin adsorption was observed, which may be 
ascribed to the presence of residual positive groups or patches on the protein under these 
circumstances. Both at pH 4.0 and pH 5.5, emulsion droplets became progressively more 
negatively charged, and hence less flocculated, at higher pectin concentrations, thus largely 
improving the creaming stability of the emulsions. So pectin had a beneficial effect, provided 
that protein solubility was not badly affected. The results clearly demonstrated that a 
progressively better stability was obtained with increasing pectin concentration at pH values 
 Summary, discussion and perspectives 
 - 121 - 
(slightly) above the protein’s IEP. Below the IEP, however, pectin addition had a negative 
effect, the worst case being obtained at the equivalence point, this is the mixing ratio whereby 
the protein’s net positive charge is just neutralised by the pectin’s negative charge. The main 
reason for the poor emulsifying properties is the largely reduced protein solubility which 
prevents the proteins from covering the newly formed O/W interface. Increasing the pectin 
concentration above the equivalence point steadily increased electrostatic repulsion between 
the droplets that acquired a steadily increasing negative surface charge density and hence 
improved the emulsifying and emulsion stabilising properties of the protein. 
 
As electrostatic interactions are responsible for anionic polysaccharide sorption at the O/W 
interface of protein stabilised emulsions, it is logical that the sorption affinity will decrease as 
the protein becomes more negatively charged (by increasing the pH above the IEP). On the 
other hand, insoluble complexes are formed as the protein becomes net positively charged. 
From a theoretical point of view, covalent bonding of (poorly surface active) polysaccharides 
to surface-active molecules, such as proteins, seems to be a much better strategy to induce 
polysaccharide accumulation at the interface. In fact, the emulsifying properties of acacia gum 
(gum arabic) as well as sugar beet pectin have been ascribed to the presence of a small portion 
of polysaccharide bound protein (Leroux et al., 2003; Williams et al., 2005). Several 
strategies have been proposed to form covalent protein-polysaccharide complexes, such as 
chemical or enzymatic modification. In chapter 5, complexation by a Maillard type reaction 
between the ε-amino groups of proteins and the reducing-end carbonyl groups in 
polysaccharides during long-term dry heat treatment in a controlled humidity atmosphere was 
envisaged since this prevents the use of non-foodgrade activation chemicals. Visual 
observation already revealed browning due to this heat treatment, which was especially 
pronounced in the dextrose-rich high methoxy (HM) pectin sample. In the latter case, the 
protein solubility at pH 5.5 was about 4 times reduced upon dry heat treatment, whereas only 
a minor effect was observed for the low methoxy (LM) pectin sample, which hardly contained 
any free sugar. Hence, free sugars must be avoided during protein-polysaccharide conjugation 
by dry heat treatment. The SDS-PAGE diagram revealed that thermal treatment (at 60 °C) of 
whey proteins in the dry state for 2 weeks at 60% relative humidity induced already slight 
changes (such as a small shift in IEP) in the absence of pectins. For dry mixtures of whey 
protein and pectin, more pronounced effects were observed with a reduced intensity of the 
monomeric protein peaks and a more intense, smeared out contribution at higher MW in the 
SDS-PAGE profile.  
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Both particle size analysis and time evolution of serum separation learned that protein-pectin 
conjugates significantly improved the emulsifying behaviour at pH 5.5, i.e. slightly above the 
protein’s IEP. At pH 4.0, on the other hand, a deterioration of the emulsifying properties of 
whey protein was observed using either mixtures of protein and pectin or conjugates. This 
poor functionality could be largely traced back to the low protein solubility. Whereas strong 
electrostatic interactions already induced this behaviour below the protein’s IEP, this 
detrimental effect was further stimulated after dry heat treatment. The more pronounced 
negative electrophoretic mobility indicated that the beneficial effect of conjugates at pH 5.5 
was caused by improved sorption of the strongly hydrated and anionic polysaccharide (hence 
leading to improved electrosteric stabilisation) as it was forced to follow the surface-active 
protein upon conjugation, even at pH conditions which did not support electrostatically driven 
accumulation at the interface. Comparing whey protein-pectin conjugates to simple mixtures, 
similar stabilising effects were obtained using conjugates at much lower pectin 
concentrations.  
In chapter 6, attention was paid to the remediation of heat-induced coagulation in milk-like 
systems. A recombined coffee cream simulant was used as model system. The latter was 
obtained by two-stage high-pressure homogenisation of 5% vegetable oil in a 12% aqueous 
skimmed milk powder dispersion, either in the absence or presence of hydrolysed soybean 
lecithin. Fat and protein analysis of the cream layer obtained after centrifugation revealed that 
lecithin addition did not significantly affect the protein content of the cream layer before 
sterilisation, but significantly reduced the additional protein adsorption upon sterilisation. 
Differential Scanning Calorimetry (on WPI solutions) and heat coagulation time 
measurements (on recombined milk) suggested that the heat-stabilising effect of lecithin (or 
phospholipids) is due to the fact that it largely reduces attractive protein-protein interactions, 
such as interactions between whey proteins leading to their aggregation in heated WPI 
solutions, or interactions between β-lactoglobulin and κ-casein leading to whey protein 
deposition onto casein micelles in heated (reconstituted) milk, upon sterilisation.  
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7.2 General discussion 
 
When developing emulsion-based commercial foods, in many cases extra ingredients are 
added to a basic emulsion, e.g. (soybean) milk, in order to tune several product-related 
attributes such as macroscopic appearance, gravitational stability, colour, mouthfeel and taste. 
All these attributes are clearly affected by the structure of the food product, which makes 
structure formation and control key elements in product development. Although most 
consumers are not thinking in terms of ‘structure’ or ‘texture’, they find these very important. 
Consumers like to have a homogeneous food product, and dislike macroscopic phase 
separation, such as e.g. syneresis, creaming, sedimentation or oiling off.  
Mostly, structure formation is like walking a thin line. When the product is not structured 
enough, e.g. when the viscosity is (too) low, people might have the idea that they buy water. 
So it is important for ‘light’ products to compensate at least a part of the lost structure. On the 
contrary, a too thick product can hamper the pouring of the product, or people might think 
that the product is already spoiled.  
In order to show that structure is a key parameter, three real-life examples are briefly 
discussed: low fat ‘light’ products, liquid coffee creamer (based on sterilized evaporated 
milk), and yoghurt-like fermented soybean milk. In the case of low fat products, people 
generally accept a limited loss in structure or viscosity compared to the reference product. In 
order to compensate partially for that loss, agents that create extra viscosity or mouthfeel 
(which are sometimes referred to a fat replacers) are added, such as inulin, gum arabic or guar 
gum. Small concentrations of guar gum can already have a relatively big effect on the 
viscosity. However, results from this manuscript have shown that a too small concentration of 
guar gum may lead to depletion flocculation and macroscopic phase separation, which is 
clearly unintended and disliked. Liquid coffee creamers are sterilised severely for various 
reasons, with the most evident one the microbiological stability. Other reasons, which are 
very important for consumer preference, are creaminess and colour. Thanks to the sterilisation 
conditions, a limited denaturation and subsequent aggregation takes place, resulting in a 
higher viscosity and more creaminess. Of course, this aggregation must happen in a controlled 
way, not only during heat treatment, but also during shelf life. Also, Maillard reactions occur, 
leading to a less white (light brown) product. Both viscosity and colour are well-appreciated 
and expected by the consumer. When the reactions during sterilisation are too intense, heat 
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coagulation prevails, which gives rise to lump formation and an inhomogeneous appearance. 
Results in this manuscript show that lecithin addition can solve the issue. In the case of 
yoghurt-like fermented soybean milk, structure formation is a very delicate process. 
Consumers like to have a mild taste, some acidity, and enough body. Dependent on the 
fermentations conditions, the final pH of the product can vary slightly. However, the HM 
pectin is only interacting well with the soya proteins in a limited pH-range. If the pectin is not 
protecting well, the structure may become granular and/or unacceptable. Use of covalently 
coupled soya protein-pectin conjugates could avoid the dependence on environmental 
conditions, such as pH. 
Commercial food emulsions are often very complex systems. For research purposes, model 
systems were used to evaluate the effects of addition of extra ingredients. 
 
The various model systems used in this thesis all indicated that poor stabilising properties in 
(dairy) protein-stabilised O/W emulsions may be overcome by addition of extra ingredients 
into the formulation. Depending on the mutual interaction between the proteins and the added 
ingredient, different stabilising scenarios may be obtained. 
When the added ingredient prefers mutual interaction above interaction with the protein 
(leading to phase separation into a protein-rich phase and a protein-depleted phase), depletion 
flocculation of the protein-stabilised emulsions is induced. This is typically the case when 
adding non-charged polysaccharides, such as guar gum, locust bean gum or dextran, to 
protein (or surfactant) stabilised emulsions. Whereas this may lead to a faster serum 
separation at low guar gum concentrations, a sufficiently strong three-dimensional network 
may be formed at higher concentrations, thus preventing serum separation even at pH-
conditions in the neighbourhood of the protein’s IEP. Whereas salt is generally considered as 
a destabilising agent, it induced an improved macroscopic stability under these circumstances, 
which could be ascribed to its network reinforcing effect. In conclusion, non-interacting 
ingredients may enhance droplet interaction and as such prevent serum separation. In this 
application, the stabilising properties become better as the ingredient concentration is 
increased whereby intermediate concentrations may induce a worse effect as compared to the 
situation in the absence of the additional ingredient. 
Interacting ingredients may also be beneficially used to overcome serum separation in protein 
stabilised emulsions. Combining proteins and anionic polysaccharides, such as pectins, 
carrageenan, or dextran sulphate, a strong electrostatic interaction is obtained below the 
protein’s IEP. This very strong interaction, however, leads to precipitation of iso-electric 
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protein-polyelectrolyte complexes, which badly affects the protein solubility below and in the 
neighbourhood of the equivalence point. Only in the presence of a large excess (above the 
equivalence point) of oppositely charged polyelectrolyte, soluble complexes of higher (and 
opposite) charge density as compared to the original protein are obtained with reduced 
aggregation tendency and hence improved creaming stability as a consequence. Interestingly, 
also above the protein’s IEP, (weak) electrostatic interactions with anionic polysaccharides 
occur leading to more negatively charged (soluble) complexes with improved stabilising 
properties. As the interaction is quite weak under these conditions, the amount of anionic 
polysaccharide to be added has to be higher than the protein content to have a significant 
effect. 
The improved stabilising properties of mixtures of proteins and anionic polysaccharides 
above the protein’s IEP are significantly improved by reinforcing their interaction by covalent 
bonding. This may be done by a simple food-safe process, such as dry heat treatment. 
Basically, the resulting complex renders the hydrophilic polyelectrolyte surface-active due to 
its anchoring to surface-active proteins. During the conjugation step, sugars have to be 
prevented since they give rise to the formation of insoluble protein complexes. 
Using simple surfactants as additional ingredients, hydrophobic interactions may occur 
between the hydrophobic parts of the surfactant molecules on the one hand and of the protein 
molecules on the other hand. Whereas the latter are mainly hidden in the interior of the native 
whey protein’s folded state, they become gradually more exposed upon thermal denaturation, 
which may lead to mutual interaction and hence whey protein aggregation, as well as to 
interaction with κ-casein on the casein micellar surface, which in turn may lead to their 
aggregation. As lecithins protect the hydrophobic sites and make them less available for 
protein-protein interaction, improved heat stability is obtained. For the sake of completeness, 
it must be mentioned that the processes involved in heat coagulation are quite complex and 
e.g. also include sulfhydryl exchange leading to disulphide covalent bonds. In our more recent 
publication, Tran Le et al. (2007) deduced from experimental observations at pH 6.55 that 
upon heating the whey proteins’ exposed hydrophobic as well as free thiol groups (due to 
unfolding) were stabilised by adsorption of hydrolysed lecithin. Hence, these groups had less 
chance to interact with hydrophobic or thiol groups of neighbouring whey protein molecules. 
Keeping account of the fact that whey protein aggregates are intermediates in the heat-
induced casein-whey protein interaction, they concluded that the heat-stabilising effect of 
hydrolysed lecithin is mainly due to its ability to reduce whey protein aggregation. 
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7.3 Research perspectives 
Whereas an appropriate choice of ingredients has been shown to enable optimisation of the 
stability of dairy protein stabilised emulsions, still many fundamental questions remain to be 
answered. 
According to our opinion, especially the field of protein-polysaccharide conjugates opens 
perspectives for enhanced functional properties and hence should be explored into more detail 
to enable its commercial exploitation. A first important aspect hereby is the development of 
simple and rapid analytical procedures to better characterise the complexes in terms of the 
percentage of conjugated protein, and the protein to polysaccharide ratio in these complexes. 
As these parameters are expected to have an effect on the functionality of the heat treated dry 
mixtures, they could be important quality characteristics. If these parameters can be 
determined, the influence of processing parameters (such heating time and temperature, as 
well as relative humidity) should be evaluated in an effort to speed up the conjugation 
process. Provided that a significant reduction in time could be realised, a continuous process 
based on spray drying of aqueous mixtures might become a realistic option. 
Although it would have been interesting, in this work we did not compare the difference in 
conjugating whey proteins to low or high methoxyl pectin. At first sight, a difference between 
low and high methoxyl pectin upon conjugation with proteins is not expected, as 
methoxylation is not affecting the number of carbonyl groups available for Maillard reaction. 
However, Diftis et al. (2005) hypothesised that amide bonds could be formed between protein 
lysine groups and esterified carboxyl groups of the pectin. On the other hand, it could also be 
hypothesised that amide bonds could be formed between protein lysine groups and 
(dissociated) carboxyl groups of the pectin, through an isopeptide bond formation. Since low 
methoxyl pectin is much more charged compared to high methoxyl pectin, it could be 
expected that LM pectin-protein conjugates have the best emulsion-stabilising properties. 
Attention should not be only focused on the production, but also on the functional properties 
of the complexes as a function of their composition. Thus, thicker and more visco-elastic 
films with better coalescence stability are expected, which should be checked in practice, both 
in emulsion and foam applications. Interfacial shear and dilational rheology, as well as 
adsorbed layer thickness evaluation (by dynamic light scattering, ellipsometry or QCM-D 
technology), as a function of conjugate characteristics, are expected to provide interesting 
information.  
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As far as the heat stabilising properties of small molecular weight surfactants are concerned, it 
would be desirable to obtain the lysophospholipids from dairy ingredients from a clean label 
perspective. To that end, dairy products enriched in phospholipids (such as sweet butter milk 
obtained in butter production or cream residue obtained in butter oil production) could be 
tested. Hereby, phospholipases may be used to convert the phospholipids to their lyso-form. 
 
Overall, we are convinced of the fact that ingredient interactions open various perspectives to 
optimise emulsion formulations. Hereby, it is essential to gather enough fundamental 
knowledge to enable a knowledge driven approach, rather than an approach based on trial and 
error. 
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stabilising properties of whey protein – pectin conjugates, the 12th Gums and Stabilisers for 
the Food Industry Conference, Wrexham, UK, June 23-27, 2003. 
 
National conferences with oral presentation 
N. Neirynck, P. Van der Meeren. Selected case studies on electrostatic & steric stabilisation 
of O/W emulsions, 2nd Quarterly BePCIS (Belgian Particle, Colloid & Interface Society) 
meeting: ‘Colloids & Surface Charge’, Ghent, Belgium, May 21, 2003. 
N. Neirynck, P. Van der Meeren. Protein-polysaccharide interactions in protein-stabilised 
O/W emulsions, BePCIS 3-day course: Dispersions and emulsions: formation, stabilisation 
and characterization, Dworp, Belgium, September 3-5, 2003. 
 
International conferences with poster presentation 
N. Neirynck, K. Van Lent and P. Van der Meeren. Influence of pH and biopolymer ratio on 
sodium caseinate – guar gum interactions in aqueous solutions and in O/W emulsions, Food 
Colloids 2006: Self-assembly and material science, Montreux, Switzerland, April 23-26, 
2006. 
P. Van der Meeren, N. Neirynck, M. Lukaszewicz-Lausecker and J. Cocquyt. Influence of pH 
and biopolymer ratio on whey protein – pectin interactions in aqueous solutions and in O/W 
emulsions, 17th European Chemistry at Interfaces Conference (ECIC-XVII), Loughborough, 
UK, June 27-July 1, 2005. 
M. El Bakry, N. Neirynck, Michal Bogus, Paul Van der Meeren. Hydrophilic lecithins protect 
milk proteins against heat-induced aggregation, International Lecithin and Phospholipid 
Society (ILPS) Lecithin short course, in cooporation with Ghent University, Ghent, Belgium, 
February 14-15, 2005. 
S. Dierckx, N. Neirynck and K. Dewettinck. Application of guar gum in bread making, 6th 
International Hydrocolloids Conference, Guelph, Canada, July 15-19, 2002. 
N. Neirynck, P. Noppe and P. Van der Meeren. Influence of lysolecithin addition on the 
stability of a sterilised coffee cream simulant, Food Colloids, Biopolymers and Materials 
Conference, Wageningen, the Netherlands, April 14-17, 2002. 
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Acta est fabula (‘the story ends here’) 
Carpe diem! 
